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Summary 
 
     Otx gene is critical to form the anterior region of animals. Otx is continuously 
expressed in the anterior central nervous system through development of many animals. 
The expression pattern and developmental role of Otx are thought to be conserved 
among animals. In case of similar expression pattern between species in general, it has 
been thought that the mechanisms that regulate the transcription of gene is also similar. 
Indeed, it has been reported that the transcription regulatory mechanisms (TRM) of Otx 
are common in fore- and mid-brain between mouse and zebrafish as far as examination. 
However, it is insufficient to estimate and discuss the conservation and evolution of the 
TRMs because it is unknown whether the regions are homologous. Therefore, it is 
unclear whether the similar expression pattern indicates the conservation of TRM. Here, 
I tackle to this issue with using two phylogenetically distinct ascidians, Halocynthia 
roretzi and Ciona intestinalis, which the coordinate and homologous association of each 
cell is apparent.  
     In embryos of these ascidians, the cellular number and distribution are almost 
same up to 110-cell stage. The coordinate association of gene expression pattern is clear 
at the single-cell resolution. In two ascidians, the expression pattern of Otx is also very 
similar through the development. On the other hand, both ascidians belong to distinct 
order each other and it has been thought that they diverged other than a few hundred 
million years ago. These characters contribute to understanding the evolutionarily 
important factors of TRM accurately. In this study, I examined and compared the TRMs 
of Otx in two ascidians to discuss and understand the association of the gene expression 
pattern and the conservation of TRM more precisely than previous study.  
     First, I examined the TRMs of ascidians Otx in anterior central nervous system, 
sensory vesicle, through the development by reporter assay. I identified some genomic 
regions as enhancer and the active period of these regions in both ascidians. I also 
identified many transcription factor binding sites (BSs) that are critical for enhancer 
activity in two ascidians. A few BSs including transcription factor Zic BSs were 
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common during gastrula stage between Halocynthia and Ciona. To compare the TRM 
precisely, however, it is also necessary to identify the transcription factors as well as the 
upstream factors such as signals which regulate the transcription of Otx. 
     Next, I examined the relationship among Otx, Zic and FGF signaling which has 
been reported to regulate Zic expression in the previous studies. By previous studies and 
this thesis results, FGF signaling – Zic – Otx pathway was predicted to be active during 
gastrula stages in both ascidians. Suppression of FGF signaling caused the lost 
transcription of Otx in Ciona but not in Halocynthia despite loss of Zic expression in 
both ascidians. These findings suggested that the response against FGF signaling is 
distinct between both ascidians although FGF signaling – Zic – Otx pathway is common. 
Although the cells expressing Otx at the late gastrula stage in Halocynthia are four more 
than in Ciona, I suggested that the sensory vesicle lineage cells exhibiting the same 
expression pattern harbor the same TRM and the cells that expression pattern is 
different indicate distinct TRM. Therefore, it is necessary to examine the TRMs at 
single-cell resolution. However, the transcription pattern of ascidian Otx after 
gastrulation is unclear at cellular level due to the complex structure of neural tube.  
     Finally, I investigated and revealed the transcription pattern of Otx in Halocynthia 
roretzi at single-cell resolution from the neurula stage to the early tailbud stage by 
fluorescent whole-mount in situ hybridization. I used detectable probes against mRNA 
as well as intron RNA of Otx to repress the carrying over of mRNA. Indeed, I observed 
the cells exhibiting signals of mRNA but not intron RNA of Otx. These findings 
suggested that the transcription pattern of target gene should be clear at the single-cell 
resolution before studying the TRM of the gene. 
     The present study indicates the relationship between the expression pattern of Otx 
and the TRM of Otx more accurately than previous studies. In the present study, I 
provided the approach that we should use animals which homologous regions and cells 
are apparent and examine the transcription pattern of target gene before starting the 
study of the TRM. By this approach, it is expected to develop the study of the TRM of 
many genes including Otx in future study. 
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General Introduction 
 
Otx gene is one of the phylogenetically well conserved homeobox genes and has 
been isolated from cnidarian to humans (Finkelstein and Perrimon, 1990; Simeone et al., 
1993; Bally-Cuif et al., 1995; Pannese et al., 1995; Wada et al., 1996; Smith et al., 
1999; Hudson and Lemaire, 2001). Otx plays important roles in the formation of 
anterior structures. For example, repression of Otx/Otx2 function results in the depletion 
of anterior central nervous system in ascidian (Wada et al., 2004) and of fore- mid- 
brain in mouse (Acampora et al., 1995; Matsuo et al., 1995; Ang et al., 1996).  
Expression of Otx in the anterior part of the embryo appears to be conserved in 
most animals thus far examined. In cnidarians, Otx is expressed in the head (Smith et al., 
1999). In Drosophila embryos, Otx mRNA is detected at the anterior pole of the 
blastoderm embryo and later predominantly in the developing rostral most brain 
neuromere (Finkelstein and Perrimon, 1990). In mouse embryos, Otx mRNA is detected 
in the entire epiblast at the egg cylinder stage. Later, Otx mRNA is detected in the 
anterior neuroectoderm (Simeone et al., 1993; Ang et al., 1994). The continued presence 
of the transcripts in the anterior part of the embryo appears to be the hallmark of Otx 
expression throughout the animal kingdom. 
Previously, it has been reported that the transcription regulatory mechanisms of 
Otx are similar in fore-/mid- brain between mouse and zebrafish (Kurokawa et al., 
2004b; Kurokawa et al., 2006). In both species, it has been suggested that two 
transcription factors, TCF and OTX, regulate the transcription of Otx. Therefore, the 
transcription regulatory mechanisms of Otx in fore-/mid- brain are thought to be 
conserved between the two species: then, an ancestral mechanism that regulated Otx 
expression in the fore-/mid- brain in the common ancestor of mouse and zebrafish may 
be still used in the present animals. However, this notion is far from conclusive. 
Although the regions of fore-/mid- brain are generally regarded as homologous 
between two species, the point is to what extent "homology" is rigorously considered. 
"Homology" or ‘‘homologous’’ means the origin of organ, tissue and cell is the same 
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between animal species. Although the regions of fore-/mid- brain seem to be 
homologous in the developmental origin between animal species, they form the final 
fore-/mid- brain structures in distinct ways according to animal species. The 
developmental stage, therefore, is critical when we consider the notion of "homology" 
or the term ‘‘homologous’’. At what developmental stage(s), do we compare the regions 
of fore-/mid- brain between mouse and zebrafish? Depending upon the stage(s) for 
comparison between the two species, what we call regions of fore-/mid- brain may be 
homologous in some cases or not homologous in others. If not, we cannot discuss 
whether the transcription regulatory mechanisms are conserved because the mechanisms 
must have been acquired independently. Therefore, we must examine homologous 
regions before discussing whether or not the transcription regulatory mechanisms are 
conserved.  
In case of closely related species such as Caenorhabditis elegans and C. briggsae, 
the comparison of the transcription regulatory mechanisms is relatively easy. These 
worms belong to same genus, and it has been thought that they diverged about 100 
million years ago. Moreover, the genomic regions that regulate the gene expression are 
very similar between these worms (GuhaThakurta et al., 2002; Zhao et al., 2012). The 
number of cells, cell lineage and pattern of cell division are very similar and it is 
relatively easy to identify whether cells are homologous between these worms (Zhao et 
al., 2008). Thus, due to apparent homologous cells and similar cell lineage, the 
conservation of transcription regulatory mechanisms can be discussed between these 
worms certainly and accurately. In distant species, by contrast, it is difficult to discuss 
the conservation because we can hardly estimate the homology of the cells and/or 
regions between the species. However, it is still necessary to analyze the transcription 
regulatory mechanism between phylogenetically distant species because the comparison 
of the mechanisms between distant species contributes to understanding which factors 
are evolutionally important in the transcription regulatory network. In this study, I 
would like to propose that comparison of the transcription regulatory mechanism of Otx 
between two ascidian species, Halocynthia roretzi and Ciona intestinalis, is an effective 
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way to tackle this problem, because the two species exhibit the very similar cell lineage 
and cell division patterns despite that they are phylogenetically remote. 
     Halocynthia roretzi and Ciona intestinalis belong to the two orders, the 
Pleurogona and the Enterogona, which constitute the class Ascidiacea. These two 
classes probably diverged deep in the history of ascidian evolution, divergent time has 
been regarded to be about a few hundred million years. The genomic upstream region 
and intron region of Otx are almost distinct except for Otx protein coding region 
(Oda-Ishii et al., 2005). In spite of these characteristics, their embryos show remarkable 
similarity, with almost perfect conservation of the lineages up to the early gastrula 
stages. Ascidian Otx is continuously expressed in the cell lineage of anterior neural tube, 
the sensory vesicle, throughout the development (Wada et al., 1996; Hudson and 
Lemaire, 2001). Therefore, we can estimate which cells are homologous at the cellular 
level between the two ascidians. Moreover, we can also analyze and compare the 
transcription regulatory mechanisms at the cellular level resolution.  
     To compare and discuss the evolution of the transcription regulatory mechanisms 
of Otx, I examined the mechanisms of Otx in the cells of sensory vesicle lineage 
throughout the development of two ascidians, Halocynthia roretzi and Ciona intestinalis. 
I first examined the mechanisms through analysis of the genomic regulatory regions. 
The results are described and discussed in chapter I. In this chapter, I isolated the 
genomic regions, enhancers, that regulate the Otx transcription, and some transcription 
factor binding sites (BSs) in the enhancers. Next, to understand which transcription 
factors and signals regulate the expression of Otx, I investigated the relationship among 
Otx, Zic and FGF signaling in chapter II. The results, I would like to suggest, provides 
one of the first evidence in the single-cell resolution that similar expression pattern is 
supported by similar transcription regulatory mechanisms in divergent species. Finally, 
I investigated the transcription pattern of Otx in post-gastrula embryos of Halocynthia 
roretzi at the single-cell resolution by fluorescent whole-mount in situ hybridization in 
chapter III. I used probes against mRNA and intron RNA of Otx to distinguish mRNA 
that is being transcribed within the cell from those that were transcribed in the previous 
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cell cycle. Indeed, I observed cells that exhibit signals of mRNA but not intron RNA of 
Otx. These findings provide us with a new notion that, if we wish to understand the 
evolution of the transcription regulatory mechanisms, we should compare them between 
the two animal species in which homologous cells and regions are clear. 
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Chapter I 
Analysis of the transcription regulatory mechanisms Otx during the development of 
sensory vesicle lineage in two ascidians, Halocynthia roretzi and Ciona intestinalis 
 
Introduction 
 
     In the previous studies, the expression pattern of Otx has been reported in the two 
ascidian species (Wada et al., 1996; Hudson and Lemaire, 2001). In the ascidian embryo, 
Otx mRNA is continuously detected in the sensory vesicle lineage cells from the 32-cell 
stage up to the larval stage. In addition, Otx is also expressed in the anterior endoderm 
and mesoderm from the 32-cell sage to the gastrula stage. 
The expression pattern of Otx in the sensory vesicle linage has been thought to be 
very similar between Halocynthia and Ciona embryos, as summarized in Fig. 1. In the 
ascidian embryo, the sensory vesicle precursors are a6.5, a6.7 and A6.2 pair cells at the 
32-cell stage (Fig. 1A, 2A). In late 32-cell stage, a6.5 pair cells express Otx (Fig. 1D). 
The a-line cells give rise to a7.10, a7.9 and a7.13 pair cells at the 64-cell stage (Fig. 1B, 
2A). In both species, Otx is expressed in a7.10 and a7.9 pair cells but not a7.13 and the 
descendant of A6.2 pair cells, A7.4 pair cells (Fig. 1 E). These sensory vesicle lineage 
cells are not yet restricted to the sensory vesicle fate (Fig. 1A, B, 2A; light green). Their 
daughter cells, a8.19, a8.17, and a8.25 pair cells at the 110-cell, early gastrula and 
middle gastrula stages are, in contrast, restricted to the sensory vesicle fate (Fig. 1C, G, 
2A; dark green). Up to early gastrula stage, Otx is expressed in a8.19 and a8.17 pair 
cells (Fig. 1F). In the middle gastrula stage, by contrast, a8.25 pair cells also express 
Otx in both ascidians (Fig. 1J). In the middle gastrula stage, the A7.4 pair cells and their 
descendants produce the A9.14 and A9.16 pair cells (Fig. 1G, 2A). The A9.14 pairs are 
restricted to the sensory vesicle fate (Fig. 1G, 2A). The a8.-line cells divide and become 
the a9.37, a9.38, a9.33, a9.34, a9.49 and a9.50 pair cells, of the neural plate in the late 
gastrula stages (Fig. 1H, 2A). Although Otx expression patterns are mostly similar in 
the sensory vesicle lineage in both ascidians, the numbers of cells expressing Otx are 
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different in the late gastrula stage between the two ascidians. In Ciona embryos, Otx is 
expressed in a9.37, a9.38, a9.33, a9.34, a9.49 and a9.50 pair cells, (Fig. 1K). By 
contrast, in Halocynthia embryos, A9.14 and A9.16 pair cells, in addition to a9.-line 
cells, exhibit Otx expression (Fig. 1K). During the neurula stage, the neural plate rolls 
up into a neural tube and neural plate cells expressing Otx form the sensory vesicle at 
the tailbud stage (Fig. 1I, L-N). From the neurula stage onward, the expression pattern 
of Otx seems to be similar between the two ascidians, though the detailed numbers of 
cells expressing Otx are unclear in both species. 
In the two ascidians, cis-regulatory elements required for the expression of Otx at 
the cleavage (32- to 110-cell) stage have been suggested in the previous studies 
(Bertrand et al., 2003; Oda-Ishii et al., 2005). In Halocynthia roretzi, it was suggested 
that the genomic region 5402–1473 upstream of the Hr-Otx translation initiation site 
recapitulated the expression of Hr-Otx at the 32-cell stage, 64-cell stage and the tailbud 
stage (Oda-Ishii and Saiga, 2003; Oda-Ishii et al., 2005). The region was further 
narrowed down and six enhancer regions were identified at the 64-cell stage (Oda-Ishii 
et al., 2005). Each of the six enhancers was found to be sufficient to mimic Hr-Otx 
transcription in a lineage-specific manner at the 64-cell stage (Oda-Ishii et al., 2005; Fig. 
3). Out of the six enhancers identified previously, enhancers #1 and #2 were responsible 
for the transcription in the sensory vesicle lineage at the 64-cell stage. In the early 
tailbud stage, on the other hand, #5 enhancer region was able to mimic the expression of 
Hr-Otx in the sensory vesicle (Oda-Ishii and Saiga, 2003). Thus, the previous reports 
suggested the genomic regions that regulate the expression of Hr-Otx during cleavage 
stages and the tailbud stage. In Ciona intestinalis, three enhancers have been identified 
(Bertrand et al., 2003). Out of the three enhancers, ab-enhancer was important for the 
transcription activity in the cells of sensory vesicle lineage. It has been shown that 
transcription factors GATA and Ets binding sites (BSs) in the enhancer are important 
for the expression of both Hr-Otx and Ci-Otx in the sensory vesicle lineage during 
cleavage stages. In addition, it has been shown that the expression of Hr-Otx and Ci-Otx 
in the sensory vesicle lineage during cleavage stages is specifically repressed by the 
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morpholino oligonucleotides against Hr-Ets or Ci-GATAa and Ci-Ets1/2 factors 
(Bertrand et al., 2003; Miya and Nishida, 2003). However, it has been unclear what 
enhancer regions regulate the expression of Otx from the gastrula to the neurula stages 
in Halocynthia and to the tailbud stages in Ciona (Fig. 2B). Moreover, it has been 
unknown which transcription factor BSs are responsible for the enhancer activities in 
the sensory vesicle lineage at the gastrula, neurula and tailbud stages, which cover the 
majority of the neural cell development. 
     In chapter I of this thesis, I investigated the transcription regulatory mechanisms 
of Otx in the sensory vesicle cell lineage of two ascidians from the gastrula to tailbud 
stages. I identified enhancer regions in both ascidians, the active period for each of the 
enhancers and important transcription factor BSs for the activity. 
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Materials and Methods 
 
Ascidians 
Adults of Halocynthia roretzi were purchased from fishermen near the Asamushi 
Marine Biological Station, Tohoku University, Aomori, and the International Coastal 
Research Center of the Ocean Research Institute, University of Tokyo, Iwate, Japan. 
Naturally spawned eggs of H. roretzi were fertilized with a suspension of sperm from 
other individuals. After insemination, embryos were raised in filtered seawater at 7- 
13°C. 
Adults of Ciona intestinalis were provided by the Maizuru Fisheries Research 
Station of Kyoto University and Misaki Marine Biological Station of University of 
Tokyo through the National Bio-Resource Project (NBRP) of the MEXT, Japan. These 
C. intestinalis were maintained under constant light to induce oocyte and spermatocyte 
maturation. Eggs and sperm were obtained surgically from the gonoducts. After 
insemination, embryos were raised in filtered seawater at 18°C.  
 
Preparation of reporter constructs 
All GFP reporter constructs were produced by replacing lacZ gene with the GFP 
gene at the KpnI/EcoRI sites of pPD46.21 vector, a variant of pPD1.27 (Fire et al., 
1990). The GFP gene has been isolated from pβGFP/RN3P vector (Zernicka-Goetz et al., 
1996). Genomic DNA fragments were isolated from the 5’ upstream region or the first 
intron of Hr-Otx and Ci-Otx, and inserted into the multi-cloning site of the GFP 
construct. 
For microinjection, all reporter constructs were dissolved in 1mM Tris-HCl and 
0.1mM EDTA (pH 8.0) (0.1M TE buffer) at the concentration of 10 ng/μl.  
 
Microinjection of reporter constructs into Halocynthia roretzi fertilized eggs 
After insemination for about 10 min, fertilized eggs of Halocynthia roretzi were 
treated with 5 ml sea water containing 0.05% actinase E during 7-10 min to remove 
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follicle cells. Then, reporter constructs dissolved in 0.1M TE buffer at the concentration 
of 10 ng/μl were injected into eggs, respectively. Thereafter, injected eggs were cultured 
at 7-13°C up to the desired stages. The embryos were fixed overnight at 4°C in 4% 
paraformaldehyde (including 0.5M NaCl and 0.1M MOPS), then transferred into 80% 
ethanol and subjected to whole-mount in situ hybridization. 
 
Electroporation of reporter constructs in Ciona intestinalis fertilized eggs 
After insemination for about 10 min, fertilized eggs of Ciona intestinalis were 
treated with 10 ml sea water containing 1% sodium thioglycolate and 0.05% actinase E, 
added with 400 μl of 1N NaOH, for 7-10 min to remove the chorion. After removal of 
the chorion, the eggs were washed in fresh sea water and treated with the M/S solution 
(0.693M mannitol and 10% sea water). Then, the eggs suspensions were transferred into 
a 2mm-width cuvette with 250 μl M/S solution containing 40 ng of the reporter 
construct. For electroporation, a BioRad Gene Pulser Xcell electroporator was used 
under the condition of 125 V/cm of voltage and 200 μF of capacitance. After the 
electroporation, the eggs were returned to fresh sea water and cultured at 18°C up to the 
desired stages. The resulting embryos were fixed overnight at 4°C in the 4% 
paraformaldehyde, then transferred into in 80% ethanol and subjected to whole-mount 
in situ hybridization. 
 
Whole-mount in situ hybridization for two ascidians 
The embryos introduced with GFP reporter constructs were fixed in the 4% 
formaldehyde solution for Whole-mount in situ hybridization (WISH). WISH was 
carried out using digoxigenin-labeled RNA probe according to the method described by 
Wada et al. (1995) and/or Takatori et al. (2010) for Halocynthia embryos and Ikuta et al. 
(2004) for Ciona embryos. These antisense probes were synthesized using T3 or T7 
RNA polymerase and the plasmid DNA linearized with SpeI for Ci-Otx mRNA, XbaI 
for Hr-Otx mRNA, and KpnI for GFP mRNA as a template, respectively. 
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Results 
 
Identification of a genomic region that regulates Hr-Otx transcription in the 
sensory vesicle lineage from the gastrula to early tailbud stages 
     In order to identify enhancers that regulate Otx transcription after the 64-cell stage, 
I searched for genomic regions that can drive reporter gene expression in the cells of the 
sensory vesicle lineage at the tailbud stage. Previously, it was suggested that the 
genomic region 5402–1473 upstream of the Otx translation initiation site was capable of 
driving LacZ reporter protein expression in a manner that mimics Otx transcription in 
the sensory vesicle cells at the tailbud stage (Oda-Ishii and Saiga, 2003). I confirmed 
this result using a different reporter (GFP) gene construct in combination with the 
detection of GFP mRNA by whole-mount in situ hybridization (WISH) (Fig. 3). This 
was to avoid detecting proteins carried over from previous stages as shown in the 
previous study (Oda-Ishii and Saiga, 2003) and to achieve more consistent detection of 
reporter gene expression by the use of WISH (Oda-Ishii et al., 2005; data not shown). 
Deletion analysis was performed to narrow down the responsible region. Reporter 
construct containing the upstream region, 1752–1473 base pair (bp) from the translation 
start site, which corresponds to the enhancer #5 identified in the previous study 
(Oda-Ishii et al., 2005), was capable of driving GFP transcription in the sensory vesicle 
lineage in the majority of embryos (Fig. 3). The remaining 5402–1753 region, on the 
other hand, was able to drive a similar reporter gene expression, but in a relatively 
smaller fraction of the embryos (Fig. 3). 
     I then examined whether the 1752–1473 region can drive reporter gene 
expression in the remaining stages. GFP mRNA was detected in a higher frequency at 
the middle gastrula stage in a8.19, a8.17 and a8.25 cells (Fig. 4C, G). At the late 
gastrula stage, a9.37, a9.38, a9.33, a9.34, a9.49 and a9.50 pair cells expressed GFP 
mRNA in a high frequency (Fig. 4D, G). GFP mRNA was also detected in the muscle 
lineage cells and posterior neural cells to a lesser degree (c.f. Fig. 4, 6, 7). These 
detections in lineage of muscle and posterior neural cells are likely to be ectopic 
15 
 
expression, because Otx mRNA is not detected in these cells at this stage. Upstream 
region 1752–1473 was also able to drive expression of GFP mRNA at the neurula and 
early tailbud stages in the sensory vesicle lineage (Fig. 4E, F, G). During these stages, 
ectopic GFP mRNA was sporadically detected in the mesenchyme and posterior neural 
lineage cells. By contrast, GFP mRNA was detected only at a low frequency in the 
sensory vesicle lineage cells at the 64-cell stage (a7.10, a7.9 and a7.13; Fig. 4A) and the 
early gastrula stage (a8.19, a8.17 and a8.25; Fig. 4B). Thus, the upstream region 
1752–1473 is sufficient to drive reporter expression in the sensory vesicle lineage from 
the middle gastrula to the tailbud stages. 
 
Upstream region 1752–1473 contains numerous putative transcription factor BSs 
in Halocynthia roretzi 
     In order to understand the transcription regulatory mechanism of Otx through this 
genomic region, I searched the upstream region 1752–1473 for putative transcription 
factor BS using TFSEARCH (http://www.cbrc.jp/research/db/TFSEARCH.html). I 
found Sox, Zic, Fox, YY1 and homeodomain transcription factor BSs (Fig. 5), in 
addition to T-box transcription factor BSs previously shown to exist (Oda-Ishii et al., 
2005). I could not discern any pattern in the spatial organization of these sites. I found 
that the homeodomain transcription factor BS #2 overlaps with a Fox BS (Fig. 5). 
Homeodomain transcription factor BSs #1 and #4 overlap with YY1 BSs (Fig. 5).  
 
Identification of transcription factor BSs important for the regulation of Hr-Otx 
transcription 
     In order to determine which of the BSs are important for the expression of Otx in 
the sensory vesicle lineage, I introduced point mutations into the putative transcription 
factor BSs. Mutation of all three Sox BSs (G/A ACAAT to G/A ACCCT) lead to 
significant decrease in the frequency of embryos that express GFP mRNA in the 
sensory vesicle lineage cells at the mid- and late-gastrula stages (*P < 0.05; Fig. 6E, F, 
Q). The mutation did not affect the frequency of expression at the neurula or tailbud 
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stage (Fig. 6G, H, Q). The frequency of embryos with ectopic expression was 
unchanged from those without the mutation (data not shown). Mutation of all Fox (T 
A/G TTT to G A/G TTG) or Zic (GCTG to GCCA) BSs produced similar results (*P < 
0.05; Fig. 6I–Q). Therefore, Sox, Fox and Zic BSs are likely to be required for the 
transcription of Otx during the gastrula stages. 
     To search for BSs important for the expression of Otx during neurula and tailbud 
stages, point mutations were introduced into putative transcription factor BSs other than 
Sox, Fox or Zic. Mutation of homeodomain transcription factor BS (ATTA to CGGC) 
significantly decreased the frequency of embryos expressing GFP mRNA from the mid 
gastrula to tailbud stages (*P < 0.05; **P < 0.01; Fig. 7E–H, Q). Frequencies of ectopic 
expression in the muscle lineage at the gastrula and neurula stages were unchanged 
from the non-mutated construct, but those in the posterior nerve cord were reduced to 
one half (data not shown). At the tailbud stage, frequency of ectopic expression did not 
change with mutation. Mutation of T-box (GTGNNA to GTANNG) or YY1 (C/G/A 
G/T CATN T/A T/G/C to C/G/A G/T TGCN T/A T/G/C) BSs significantly decreased 
the frequency of GFP expression at the tailbud, but not in other stages (*P < 0.05; Fig. 
7I–Q). 
 
Identification of a genomic region that regulates Ci-Otx transcription in the 
sensory vesicle lineage from the gastrula to early tailbud stages 
     In Ciona intestinalis, the 3.5 kb upstream region of Ci-Otx, 4844-1307 bp, has 
been shown to recapitulate endogenous Otx expression pattern during the cleavage 
stages (Bertrand et al., 2003). To identify cis-regulatory regions that recapitulate 
endogenous expression of Ci-Otx in the sensory vesicle after the cleavage stage, 
fertilized egg of Ciona intestinalis were introduced with GFP reporter construct 
harboring the upstream region 4844-15 bp, which includes the 4844-1307 bp region as 
well as the first exon and intron. In the embryos electroporated with the construct, GFP 
fluorescence and transcripts were detected in the sensory vesicle and anterior epidermis 
at the early tailbud stage (Fig. 8A-C). This indicated that the upstream region, 4844-15 
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bp, is capable of recapitulating endogenous Ci-Otx expression at the early tailbud stage.  
     To dissect regulatory regions directing Ci-Otx expression in the sensory vesicle at 
the early tailbud stage, I prepared various constructs out of 4844-15 bp as summarized 
in Fig. 8A, electroporated them into fertilized eggs, and examined the embryos for GFP 
fluorescence and transcripts at the early tailbud stage. Two regions, 3044-2845 bp and 
1147-15 bp, directed expression of GFP fluorescence in the sensory vesicle (Fig. 8A, D, 
F). Therefore, these two regions were identified in my earlier studies as the putative 
transcription regulatory region. By contrast, 3044-2845 bp region, but not 1147-15 bp 
region, exhibited significant mRNA expression in the sensory vesicle (Fig. 8A, E, G).  
 
The putative transcription regulatory region can drive reporter gene expression 
before the tailbud stage 
     Then, I addressed when the identified putative transcription regulatory regions 
become active during development. For this, I examined embryos introduced with GFP 
reporter constructs for GFP mRNA from the early gastrula stage to the early tailbud 
stage. 
     First, GFP reporter construct harboring 4844-15 bp was examined. The embryos 
introduced with the construct 4844-15 bp exhibited high detection frequency of GFP 
mRNA in the sensory vesicle and/or its progenitor cell lineage from middle gastrula 
stage onwards (Fig. 9A-E, P).  
     In embryos introduced with 3044-2845 bp, GFP mRNA in the sensory vesicle 
and/or its progenitor cell lineage was detected from the late gastrula stage to the early 
tailbud stage (Fig. 9H-J, Q). By contrast, GFP mRNA was detected only at a low 
frequency in the sensory vesicle lineage cells at the early gastrula stage and middle 
gastrula stage (Fig. 9F, G, Q). In embryos introduced with 1147-15 bp, GFP mRNA was 
detected in the sensory vesicle and/or its progenitor cell lineage from the middle 
gastrula stage to neurula stage (Fig. 9L-N, R). At the early gastrula stage and the early 
tailbud stage, by contrast, GFP mRNA was detected only at a low frequency (Fig. 9K, O, 
R). 
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     To narrow down the 1147-15 bp region, deletion analysis was performed. I 
prepared various constructs out of 1147-15 bp as summarized in Fig. 10A. 302-104 bp 
region was identified as a region sufficient to drive reporter expression at the middle 
gastrula stage. GFP mRNA was detected in the cell lineage of sensory vesicle from 
middle gastrula stage to neurula stage (Fig. 10B). Thus, in Ciona intestinalis, two 
regions, 3044-2845 bp and 302-104 bp, were identified as transcription regulatory that 
are active after cleavage stages. 
 
Upstream region 302-104 bp contains numerous putative transcription factor BSs 
The number and the spatial relationship of the sensory vesicle lineage cells are 
almost the same during gastrulation in Halocynthia and Ciona embryos. To understand 
the transcription regulatory mechanism of Ci-Otx during this period, I searched the 
upstream region 302-104 bp for putative transcription factor BSs by using TFSEARCH. 
I found Sox, Zic, Fox transcription factor BSs (Fig. 11). I could not discern any pattern 
in the spatial organization of these sites. I found that the Sox transcription factor BS 
overlaps with a Fox BS (Fig. 11). 
 
Identification of transcription factor BSs important for the regulation of Ci-Otx 
transcription 
     In order to determine which of the BSs are important for the expression of Ci-Otx 
in the sensory vesicle lineage, I introduced point mutations into the putative 
transcription factor BSs. Mutation of all two Sox BSs (CAAT to CCCT) lead to 
significant decrease in the detection frequency of GFP mRNA expression in the sensory 
vesicle lineage cells from the middle gastrula to neurula stages (*P < 0.01; Fig. 12). The 
frequency of embryos with ectopic expression was unchanged from control embryos 
without the mutation (data not shown). Mutation of all Fox (T A/G TTT to G A/G TTG) 
or Zic (GCTG to GCCA) BSs produced similar results (*P < 0.01; Fig. 12). Therefore, 
Sox, Fox and Zic BSs are likely to be required for the transcription of Ci-Otx from the 
gastrula to neurula stages. 
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Discussion 
 
    In this study, I explored the mechanism that sustains the expression of Otx in the 
sensory vesicle lineage cells. I identified the cis-regulatory regions of Hr-Otx and 
Ci-Otx that are sufficient to drive reporter gene expression in the sensory vesicle lineage. 
In Halocynthia roretzi, mutations in putative BSs for Sox, Fox, Zic, homeodomain, 
YY1 and T-box transcription factors were found to perturb the reporter expression at 
distinct stages. In Ciona intestinalis, the putative BSs for Sox, Fox and Zic transcription 
factors were important for the expression of the reporter gene. These results suggest the 
importance of these transcription factor BSs in regulating Otx transcription of two 
ascidians. 
 
The change of transcription regulatory mechanisms of Otx during the sensory 
vesicle development 
     We now have, for the first time, an overview of how the transcription of Otx is 
regulated in the sensory vesicle lineage throughout development of two ascidians. In 
Halocynthia roretzi, the previous studies identified enhancers #1 to #6 that cover a 
whole spectrum of regions that regulate the expression of Hr-Otx mRNA at the 64-cell 
stage (Oda-Ishii et al., 2005). Among these, GATA and Ets BSs within the 64-cell stage 
enhancers, enhancers #1 and #2, are important for the expression in the neural 
precursors (Oda-Ishii et al., 2005). I had investigated the period in which the #2 
enhancer functions (data not shown). It was suggested that #2 is active from cleavage 
stages to early gastrulas stage but not after the early gastrula stage (data not shown; 
summary in Fig. 13). On the other hand, the present study showed that majority of the 
enhancer activity that drives reporter gene expression in neural precursors after the early 
gastrula stage is present in the enhancer #5, 1752–1473 bp region (Fig. 3, 4). The 
1752-1473 bp region is suggested to be active from the middle gastrula to early tailbud 
stages (Fig. 4, 13). Out of the transcription factor BSs identified in this study in 
1752-1473 bp region enhancer, it was suggested that Sox, Fox and Zic BSs contribute to 
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the activity of the region at the middle- and late- gastrula stages. T-box and YY1 BSs 
are active at the early tailbud stage. Homeodomain transcription factor (HDTF) BSs 
were required throughout the gastrula, neurula and tailbud stages. It is possible that a 
single HDTF is required in all the stages. However, though Otx belongs to HDTF, 
suppression of Hr-Otx function suggested that Hr-Otx does not regulate itself from the 
gastrula to early tailbud stages in Halocynthia roretzi (data not shown; Wada et al., 
2004). Furthermore, the requirement for other transcription factor BSs at the gastrula 
and tailbud stages indicates that the regulatory mechanisms differ between the stages.  
It is suggested, therefore, that there are at least four stages of Hr-Otx regulation 
during Halocynthia embryogenesis. First, from the 64-cell to early gastrula stages (data 
not shown), GATA and Ets transcription factors are required. Second, from the middle 
to late gastrula stages, Sox, Fox, Zic and homeodomain transcription factors are 
required (Fig. 13). Third, during the neurula stages, HDTF are required. Finally, at the 
tailbud stage, homeodomain, YY1 and T-box transcription factors are required. It 
should be noted, however, that one of the two Fox BSs overlaps with a HDTF BS. It is 
possible that among the four HDTF BSs, the one that overlaps with the Fox BS is 
critical, and that the loss of reporter expression by mutation of Fox BSs was actually 
due to mutating the HDTF BS. If this is the case, Fox transcription factor is not 
involved in Otx transcription at the late gastrula stage. Reverse is also possible and 
HDTFs may not be required for Otx transcription during the gastrula stages. Due to 
overlaps between YY1 and HDTF BSs, similar interpretation of the results is also 
possible for the tailbud stages. Therefore, it should be carefully determined which of the 
transcription factors are required. Examining the role of each of several HDTF BSs, for 
example, is necessary before any conclusions are made. Nevertheless, it still stands true 
that the profile of transcription factor BSs required for Otx expression differs between 
the developmental stages.  
In Ciona intestinalis, three enhancers, ab-, A- and bB- modules, that mimic the 
expression of Ci-Otx in the previous study (Bertrand et al., 2003). It was suggested that 
ab-module is important for the expression in the neural precursors at the 64-cell stage, 
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and GATA and Ets BSs in ab-module are important for the enhancer activity (Bertrand 
et al., 2003). I had investigated the stages in which the ab-module is important, and it 
was suggested that ab-module is active from cleavage stages to early gastrulas stage but 
not after the early gastrula stage (data not shown; Fig. 13). By contrast, the present 
study showed that 3044-2845 bp is active from late gastrula stage to the early tailbud 
stage (Fig. 9F-J, Q, 13), and that 302-104 bp is active from middle gastrula stage (Fig. 
9K-O, R, 13). Sox, Fox and Zic BSs in 302-104 bp are important for the activity of the 
region from middle gastrula stage to neurula stage (Fig. 12, 13). Although I identified 
the 3044-2845 bp genomic region, it is not yet clear which transcription factor BSs are 
important for the transcription activity of the region. Because the active periods of the 
3044-2845 bp and 302-102 bp regions are different, the important BSs of 3044-2845 bp 
region may be different from that of 302-104 bp region.  
It is suggested that there are at least three stages of Ci-Otx regulation during 
Ciona embryogenesis. First, GATA and Ets transcription factor BSs are essential for the 
regulation of Ci-Otx expression in the sensory vesicle cell lineage from cleavage stages 
to early gastrula stage (Bertrand et al., 2003; data not shown). Next, Sox, Fox and Zic 
BSs are important during gastrula stages as well as the neurula stage. Finally, other 
transcription factors may be responsible at the early tailbud stage. Thus, it was 
suggested that the transcription regulatory mechanisms of Otx change during the 
development of sensory vesicle lineage in both ascidians. 
Why do the transcription regulatory mechanisms of Otx change through 
development? It has been reported that enhancers and transcription factor BSs also 
change in mouse (Kurokawa et al., 2004a and b; Takasaki et al., 2007). Therefore, this 
change may be common in animals. Generally, the cellular status, for example the set of 
transcription factors in the cells, change through the development. This change 
contributes to the specification and differentiation of cells in the development of 
animals. Therefore, because same transcription regulatory mechanism could not be 
active in the same cells throughout development, the mechanisms may evolve to change 
during the development. 
22 
 
Thus, I believe that I have uncovered the regulatory mechanisms that maintain the 
transcription of Hr-Otx from the cleavage stage to the tailbud stage and that of Ci-Otx 
from cleavage stage to neurula stage. This corresponds to about 80% or 60% of the 
length of the period in which Hr-Otx mRNA or Ci-Otx mRNA is expressed during 
embryogenesis, respectively.  
 
It is necessary to identify and compare the transcription factors and signal that 
regulate the transcription of Otx to understand the evolution of the transcription 
regulatory mechanism of Otx 
     In this study, I identified the transcription factor binding sites (BSs) that are 
important for the activity of the enhancers. However, it is unclear what transcription 
factors are bound there and regulate directly the transcription of Otx in the cells of 
sensory vesicle lineage. Although similar BSs are responsible between the two species, 
it is possible that the different transcription factors are important for the transcription 
regulatory mechanism. In this study, for example, candidates of transcription factor Sox 
that bind directly to the Sox BSs are SoxB1 and SoxC transcription factors. The Sox 
factor responsible for the enhancer activity might be different between the two ascidians. 
Conversely, the same transcription factor may regulate the transcription of Otx through 
distinct BSs. For instance, a transcription factor can be important at the neurula stage in 
both ascidians and can function indirectly through different BSs, for example, HDTF 
and Fox BSs. Therefore, it is necessary to identify the transcription factors and signals 
that function through the BSs that I identified to compare and understand the 
transcription regulatory mechanism of Otx between Halocynthia roretzi and Ciona 
intestinalis. In future, the goal of this study is to construct the blueprint of the common 
pathway in the transcription regulatory network of Otx and to understand the evolution 
of the regulatory system. 
 
Putative transcription factors which function through the transcription factor BSs  
To understand how the transcription regulatory mechanisms of Otx evolved, it is 
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necessary to uncover, understand and compare the mechanisms of Halocynthia and 
Ciona Otx gene. To this end, one must uncover the transcription factors involved in Otx 
regulation. I believe that data on the spatio-temporal expression pattern of the 
transcription factors may be useful. For example, Sox transcription factors involved in 
the transcriptional regulation of Otx should be expressed before the gastrula stage in 
cells of the sensory vesicle lineage. In Ciona intestinalis, expression pattern of all the 
transcription factors expressed during embryogenesis have been investigated (Satou et 
al., 2003; Wada et al., 2003; Yagi et al., 2003; Yamada et al., 2003). It should be noted, 
however, that the expression pattern of the transcription factor genes might differ 
between Ciona and Halocynthia. Therefore, the following discussion on the possible 
factors involved in the regulation is based on the assumption that there may be some 
degree of conservation in the expression patterns of transcription factors between the 
two species. Sox transcription factors expressed in the neural precursors of Ciona 
embryos during the gastrula stages are SoxB1 and SoxC. Therefore, these may regulate 
Otx expression. In a similar manner, FoxB, FoxH, YY1, Tbx2/3 may be involved in 
regulating Otx expression. The candidates for homeodomain transcription factors are 
Six3/7, Lmx, Pax6 and Bsh. Otx mRNA pattern overlaps with Six3/7 at the gastrula 
stage, Lmx at the neurula stage, and Pax6 and Bsh at the tailbud stage. Thus, it is 
unlikely that a single homeodomain transcription factor is continuously responsible for 
the expression throughout the gastrula, neurula and tailbud stages. By contrast, there is 
only one candidate for the Zic transcription factors in both species: ZicN in Halocynthia 
and ZicL in Ciona. These factors are believed to be homologous (Wada and Saiga, 
2002; Yagi et al., 2004). If we uncover the regulatory mechanism involving the Zic 
factors, these can be compared between the species. This was attempted in Chapter II.  
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Fig. 1  The cell lineage and expression pattern of Otx in the sensory vesicle cell 
lineage in the two ascidians, Halocynthia roretzi and Ciona intestinalis.  
(A-C, G-I, M) Schematic diagram showing the cells of the sensory vesicle lineage from 
the 32-cell to the tailbud stage in two ascidians. Cells that contain the sensory vesicle 
lineage are marked light green. Cells restricted to the sensory vesicle lineage are marked 
dark green. (D-F, J-L, N) Schematic diagram showing the expression pattern of Otx in 
the sensory vesicle lineage from the 32-cell to the tailbud stage. The sensory vesicle 
lineage cells expressing Otx mRNA are marked blue. (K) The left or right half of the 
diagram represents cells in the neural plate of Ciona intestinalis or Halocynthia roretzi, 
respectively. Animal pole view of the whole embryo is shown in (A-F). (G, J) Anterior 
view. Animal pole to the top. Yellow dotted lines indicate border between A-line cells 
and a-line cells (i.e. the vegetal and animal hemisphere). (H, I, K, L) Dorsal view. 
Anterior is to the top. (M, N) Anterior dorsal side of the embryo is shown. 
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Fig. 2  Schematic representations of the cell lineage and transcription regulatory 
mechanism of the expression of Otx revealed by the previous studies.  
(A) Schematic chart of cell lineage to form the sensory vesicle from the 32-cell to late 
gastrula stages. Cells that contain the sensory vesicle lineage are marked light green. 
Cells restricted to the sensory vesicle lineage are marked dark green. Non-sensory 
vesicle lineages are marked gray. (B) Schematic representation of the summary of the 
enhancers and transcription factor binding sites (BSs) identified in the previous studies. 
The upper is of Halocynthia roretzi and the lower is of Ciona intestinalis. Larger 
rectangles with thick lining indicate the transcription regulatory regions, enhancers or 
modules, of Otx that drive the expression in the sensory vesicle lineage. Smaller 
rectangles with thin lining indicate the name of module or enhancer region. Green color 
indicates sets of transcription factor BSs, and in this case, it represents GATA and Ets 
BSs. Question mark indicates that regulatory regions and transcription factor BSs were 
unknown. 
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Fig. 3  Identification of Otx cis-regulatory region that drives reporter gene 
transcription in the sensory vesicle lineage at the tailbud stage.  
Deletion analysis of the genomic region 5402–1473 bp upstream of Otx. Fertilized eggs 
were injected with a construct that contains the 5402–1473 bp upstream region or its 
deletion constructs. Shown in the upper left is the scheme of the deletion. Black line 
indicates schematic drawing of Halocynthia roretzi Otx gene. Gray and green-colored 
boxes with # numbers on the upper black line indicate the transcription regulatory 
regions, modules, identified in the previous study (Oda-Ishii et al., 2005). Boxes, Ex1 
and Ex2, represent exons 1 and 2. Translation start site (ATG) is in the exon 2. In the 
upper right, frequency of embryos positive for GFP mRNA in the sensory vesicle is 
shown in percentage. Numbers (n) indicate numbers of embryos examined. Images at 
the bottom show the detection of green fluorescent protein (GFP) transcripts in the 
sensory vesicle at the tailbud stage by whole-mount in situ hybridization. Dorsal view. 
Anterior to the top. The genomic region introduced into embryos is shown above the 
image. Representative specimens are shown. Reporter gene mRNA expression in the 
sensory vesicle lineage cells is indicated by a filled arrowhead. Scale bar represents 100 
m. 
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Fig. 4  The upstream region 1752–1473 can drive reporter gene transcription in the 
sensory vesicle lineage cells from the middle gastrula stage onward.  
(A-F) Detection of GFP mRNA by whole-mount in situ hybridization. Anterior to the 
top. (A, B) Animal pole view. (C, D) Vegetal pole view. (E, F) Dorsal view. Closed 
arrowheads indicate sensory vesicle lineage cells with reporter gene mRNA expression. 
Open arrowheads indicate ectopic expression. Scale bar represents 100 m. (G) 
Frequency of embryos positive for GFP mRNA in the sensory vesicle is shown in 
percentage (in the vertical axis of graph). Above each bar indicated are percentage and 
numbers (n) of embryos examined. eG, early gastrula; eTB, early tailbud; lG, late 
gastrula; mG, middle gastrula; N, neurula. 
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Fig. 5  Putative transcription factor binding sites (BSs) identified in the upstream 
region 1752–1473 of Hr-Otx.  
Nucleotide sequence of the upstream region 1752–1473 is shown. Numbers on both 
sides of the nucleotide sequence represent the distance in base pairs from the translation 
initiation site. Putative transcription factor BSs are marked by colors as indicated below. 
The four homeodomain transcription factor BSs are numbered above each site in distal 
to proximal order. The nucleotide sequence of each transcription factor BS is shown in 
parenthesis. 
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Fig. 6  Mutation in Sox, Fox or Zic transcription factor binding sites (BSs) decreases 
reporter gene transcription in the sensory vesicle lineage at the middle and late gastrula 
stages of Hr-Otx.  
(A–P) GFP mRNA detected by whole-mount in situ hybridization. Stages of the 
embryos are shown above the panels. Transcription factor BSs mutated in the upstream 
region 1752–1473 are indicated left of the panels. (A, B, E, F, I, J, M, N) Anterior view. 
Animal pole is to the top. (C, D, G, H, K, L, O, P) Dorsal view. Anterior is to the top. 
Reporter gene mRNA expression in the sensory vesicle lineage cells is indicated by 
filled arrowheads. Open arrowheads indicate ectopic expression. Scale bar represents 
100 m. (Q) Frequency of embryos positive for GFP mRNA in the cells of the sensory 
vesicle lineage is shown in percentage (in the vertical axis of graph). eTB, early tailbud; 
lG, late gastrula; mG, middle gastrula; N, neurula. Statistical analysis was done by 
standard Student t-test. *P < 0.05. 
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Fig. 7  Reporter gene transcription in the sensory vesicle lineage upon introduction of 
mutation in homeodomain, YY1 or T-box transcription factor binding sites (BSs) at four 
stages of Hr-Otx.  
(A–P) GFP mRNA detected by whole-mount in situ hybridization. Stages of the 
embryos are shown above the panels. Transcription factor BSs mutated in the upstream 
region 1752–1473 are indicated left of the panels. (A, B, E, F, I, J, M, N) Anterior view. 
Animal pole to the top. (C, D, G, H, K, L, O, P) Dorsal view. Anterior to the top. 
Reporter gene mRNA expression in the sensory vesicle lineage cells is indicated by 
arrowheads. Open arrowheads indicate ectopic expression. Scale bar represents 100 m. 
(Q) Frequency of embryos positive for GFP mRNA in the cells of the sensory vesicle 
lineage is shown in percentage (in the vertical axis of graph). eTB, early tailbud; lG, late 
gastrula; mG, middle gastrula; N, neurula. Statistical analysis was done by standard 
Student t-test. *P < 0.05; **P < 0.01. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
WT
mG lG N eTB
ΔHDTF BS
ΔYY1 BS
ΔT-box BS
A
I
M N O P
J K L
E F HG
B C D
Q
* * *
**
** **
WT
mG lG N eTB mG lG N eTB mG lG N eTB mG lG N eTB
ΔHDTF BS ΔYY1 BS ΔT-box BS
%
100
80
60
40
20
0
n=
18 16 16 19 14 1422 2519 10 62 17 18 9 3118
37
38 
 
Fig. 8  Analysis of transcription driving activity of the upstream and first intron region 
in Ci-Otx and the detection of GFP reporter fluorescence as well as mRNA in the 
sensory vesicle at the early tailbud stage.  
(A) GFP constructs and frequency of GFP fluorescence and mRNA in the sensory 
vesicle at the early tailbud stage. A diagram on the left side indicates organization of the 
reporter constructs harboring sequences of upstream and/or first intron of Ci-Otx. Boxes 
on the upper black line indicate the two exons (EX1 and EX2). Detected frequencies of 
GFP reporter fluorescence and mRNA in embryos injected with the constructs are 
indicated on the right side. Green and blue boxes indicate the frequencies of GFP 
fluorescence and mRNA in the sensory vesicle, respectively. (B-G) The detection of 
GFP fluorescence and mRNA in the early tailbud embryos injected with the reporter 
constructs containing the upstream and first intron region of Ci-Otx as indicated on the 
left of the panel. With all specimens, lateral view, anterior is to the left. Shown are the 
embryos introduced with 4844-15 bp (B, C), 3044-2845 bp (D, E) or 1147-15 bp (F, G) 
construct. 
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Fig. 9  Analysis of the transcription regulatory activity of Ci-Otx during the early 
gastrula to early tailbud stages by detection of GFP mRNA by WISH.  
With specimens, animal pole (A, F, K), dorsal (B-D, G-I, L-N) and lateral (E, J, O) 
views are shown. (A-O) Embryos are introduced with GFP reporter harboring 4844-15 
bp (A-E), 3044-2845 bp (F-J) and 1147-15 bp (K-O), respectively. (A, F, K) Early 
gastrula stage. (B, G, L) Middle gastrula stage. (C, H, M) Late gastrula stage. (D, I, N) 
Neurula stage. (E, J, O) Early tailbud stage. Reporter gene mRNA expression in the 
sensory vesicle lineage cells is indicated by arrowheads. Open arrowheads indicate 
ectopic expression. (P-R) Detected frequencies of GFP mRNA in the sensory vesicle 
lineage of C. intestinalis embryos introduced with 4844-15 bp (P), 3044-2845 bp (Q) 
and 1147-15 bp (R). Blue bars indicate detection frequency of GFP mRNA in the 
sensory vesicle lineage. eG, early gastrula; eTB, early tailbud; lG, late gastrula; mG, 
middle gastrula; N, neurula. 
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Fig. 10  GFP reporter construct harboring the part of first intron or 302-104 bp region 
of Ci-Otx, is active from the middle gastrula to neurula stages.  
(A) Deletion analysis of the first intron region of Ci-Otx at the middle gastrula stage. A 
diagram on the left side indicates organization of the reporter constructs harboring 
various first intron sequences. On the right side, detection frequencies of GFP reporter 
mRNA in the embryos injected with the constructs are indicated. (B) Analysis of the 
transcription regulatory activity of 302-104 bp region from the middle gastrula to 
neurula stages by detection of GFP mRNA. Blue bars indicate the frequencies of GFP 
mRNA in the sensory vesicle. lG, late gastrula; mG, middle gastrula; N, neurula. 
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Fig. 11  Putative transcription factor binding sites (BSs) identified in the region, 
302-104 bp, of Ci-Otx.  
Nucleotide sequence of the first intron region, 302-104 bp, is shown. Numbers on each 
side of the sequence represent the distance in base pairs from the translation initiation 
site. Putative transcription factor BSs are marked by colors as indicated below. The 
nucleotide sequence of each transcription factor BS is shown in parenthesis. 
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Fig. 12  Reporter gene transcription in the sensory vesicle lineage upon introduction of 
mutation in Sox, Fox or Zic transcription factor binding sites (BSs) at three stages in 
Ciona intestinalis.  
Frequency of embryos positive for GFP mRNA in the cells of the sensory vesicle 
lineage is shown in percentage (in the horizontal axis of graph) for mutated BSs of the 
transcription factors indicated on the left side. On the right side, the numbers examined 
are indicated. lG, late gastrula; mG, middle gastrula; N, neurula. Statistical analysis was 
done by standard Student t-test. (*P < 0.01). 
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Fig. 13  Schematic representation of the summary of the enhancers and transcription 
factor binding sites (BSs) indentified in this study.  
The upper is Halocynthia roretzi and the lower is of Ciona intestinalis. Larger 
rectangles with thick lining indicate the transcription regulatory regions, enhancers or 
modules, of Otx that drive the expression in the sensory vesicle lineage. Smaller 
rectangles with thin lining indicate the name of module or enhancer region. Color codes 
indicate distinct sets of transcription factor BSs: GATA and Ets BSs (green), Sox, Fox 
and Zic BSs (yellow), homeodomain transcription factor (HDTF) (orange), T-box and 
YY1 (pink). Question mark indicates that a regulatory region and transcription factor 
BSs have not been clarified. 
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Chapter II 
Analysis of the transcription regulatory mechanism that function through Zic BS in the 
sensory vesicle lineage 
 
Introduction 
 
     In chapter I of this thesis, I identified the transcription factor binding sites (BSs) 
that are important for the activity of enhancers. However, it is unclear which 
transcription factors and signals regulate Otx transcription through these BSs. It is 
required to identify the transcription factors and investigate their relationships with the 
Otx transcription in order to discuss how the transcription regulatory mechanisms of Otx 
evolved. 
     In contrast to other transcription factor BSs such as Sox and Fox BS, the 
estimation of transcription factor that binds to Zic BS may be simple. There are only 
two Zic transcription factors in ascidians, and it has been reported that expression of one 
homologue, Hr-ZicN in Halocynthia or Ci-ZicL in Ciona, overlaps with that of Otx in 
the cells of sensory vesicle lineage during the gastrula stage (Wada and Saiga, 2002; 
Imai et al., 2004; Imai et al., 2006). Moreover, it was shown in the previous study that 
Hr-ZicN transcription factor is required for the expression of Hr-Otx in the sensory 
vesicle cell lineage at the late gastrula stage or neural plate stage (Wada and Saiga, 
2002). Here, I focused on the transcription regulatory mechanisms that control Otx 
transcription through Zic transcription factor to uncover and compare the mechanisms 
of Otx between the two ascidian species. 
     Zic transcription factors play various important roles in the development of 
animals and contribute to the formation of the central nervous system as well as the 
notochord in chordates (Aruga, 2004; Houtmeyers et al., 2013). In ascidians, it has been 
reported that Hr-ZicN in Halocynthia roretzi and Ci-ZicL, the single Hr-ZicN 
homologue in Ciona intestinalis, are also important for neurogenesis (Wada and Saiga, 
2002; Imai et al., 2006). The transcripts of these Zic genes are observed in the cells of 
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sensory vesicle lineage from early gastrula stage in both ascidians (Fig. 3B). Previous 
reports suggested that fibroblast growth factor (FGF) signaling regulates Zic expression 
(Wada and Saiga, 2002; Wagner and Levine, 2012). This was supported by the 
suppression of FGF signaling with MEK inhibitor from the 1-cell stage onward in 
Halocynthia or from the 76-cell stage in Ciona. In embryos treated with MEK inhibitor, 
Hr-ZicN and Ci-ZicL mRNAs were not detected at the gastrula stage (Wada and Saiga, 
2002; Wagner and Levine, 2012). Therefore, it is possible that FGF signaling regulates 
the expression of Otx being mediated by the Zic transcription factor during gastrulation.  
In this chapter, I addressed the relationships between Otx, Zic and FGF signaling 
during gastrula stages. 
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Materials and Methods 
 
Ascidians 
Adults of Halocynthia roretzi were purchased from fishermen near the Asamushi 
Marine Biological Station, Tohoku University, Aomori, and the International Coastal 
Research Center of the Ocean Research Institute, University of Tokyo, Iwate, Japan. 
Naturally spawned eggs of H. roretzi were fertilized with a suspension of sperm from 
other individuals. After insemination, embryos were raised in filtered seawater at 7 - 
13°C. 
Adults of Ciona intestinalis were provided by the Maizuru Fisheries Research 
Station of Kyoto University and Misaki Marine Biological Station of University of 
Tokyo through the National Bio-Resource Project (NBRP) of the MEXT, Japan. These 
C. intestinalis were maintained under constant light to induce oocyte and spermatocyte 
maturation. Eggs and sperm were obtained surgically from the gonoducts. After 
insemination, embryos were raised in filtered seawater at 18°C.  
 
Whole-mount in situ hybridization for two ascidians 
The embryos were fixed in 4% formaldehyde solution (containing 0.5M NaCl and 
0.1M MOPS) for whole-mount in situ hybridization (WISH). WISH was carried out 
using digoxigenin-labeled RNA probe according to the method described by Wada et al. 
(1995) and/or Takatori et al. (2010) for Halocynthia embryos and Ikuta et al. (2004) for 
Ciona embryos. These antisense probes were synthesized using T3 or T7 RNA 
polymerase and the plasmid DNA linearized with SpeI for Ci-Otx mRNA, XbaI for 
Hr-Otx mRNA, HindIII for Hr-ZicN and BamHI for Ci-ZicL as a template, respectively. 
 
Treatment with FGF signaling pathway inhibitor 
     U0126 (Sigma), a MAPK kinase (MEK) inhibitor was dissolved in 
dimethylsulfoxide (DMSO) to 10 mM and stored as stock solution at -20 °C. The stock 
solution was diluted with filtered seawater immediately prior to use. Embryos were 
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treated with 2 µM U0126 or 0.1% (v/v) DMSO in seawater from the 76-cell stage 
onward and fixed in 4% formaldehyde solution for WISH. 
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Results 
 
Hr-Otx transcripts were detected in Halocynthia embryos when FGF signaling was 
suppressed 
     In Halocynthia roretzi, the expression of Hr-ZicN in the sensory vesicle cell 
lineage starts from the early gastrula stage (Wada and Saiga, 2002). This expression 
overlaps the expression of Hr-Otx in the cells of a8.19, a8.17 and a8.25 pair and their 
descendants. It has been reported that Hr-Otx expression in the sensory vesicle cell 
lineage at the gastrula stages was repressed by suppression of Hr-ZicN function (Wada 
and Saiga, 2002). This suggested the presence of Hr-ZicN – Hr-Otx regulatory pathway. 
Moreover, detection of Hr-ZicN mRNA in the region at the gastrula stages lost with 
treatment of U0126, a MEK inhibitor, from the 1-cell stage onward (Wada and Saiga, 
2002). MEK inhibitor suppresses FGF signaling by inhibiting the phosphorylation and 
nuclear translocation of the intracellular factor MAPK (Duncia et al., 1998). From the 
results, the FGF signaling – Hr-ZicN – Hr-Otx regulatory pathway could be proposed. 
However, it is possible that loss of Hr-ZicN mRNA may be due to inhibition of the 
neural induction that is exerted by FGF signaling during cleavage stages (Bertrand et al., 
2003). Therefore, the expression of Otx in MEK inhibitor treated embryos must be 
examined to confirm the existence of the FGF signaling – Hr-ZicN – Hr-Otx regulatory 
pathway. 
     To prove whether FGF signaling regulates the expression of Hr-ZicN during the 
gastrula stages, I incubated embryos with seawater including 2 µM U0126 from the 
76-cell stage to the middle- or late- gastrula stage. Hr-ZicN mRNA was detected in the 
embryos treated with DMSO (Fig. 1A, B). By contrast, inhibition of FGF signaling 
resulted in the loss of Hr-ZicN mRNA in a8.19, a8.17 and a8.25 pair cells and their 
descendant cells at middle- and late- gastrula stage (Fig. 1C, D, arrowheads).  
If the FGF signaling – Hr-ZicN – Hr-Otx regulatory pathway exists, it is predicted 
that Hr-Otx mRNA is not detected in embryos treated with U0126 from 76-cell stages. 
In normal embryo, expression of Hr-Otx is observed in the a8.19, a8.17 and a8.25 pair 
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cells at the middle gastrula stage and in their descendant cells at the late gastrula stage. 
In the A-line, Hr-Otx is detected in A9.14 and A9.16 pair cells at the late gastrula stage 
(Fig. 1E-G). In MEK inhibitor treated embryos, contrary to expectation, Hr-Otx mRNA 
was detected in the sensory vesicle cell lineage at the middle- and late- gastrula stages 
(Fig. 1H-J). Hr-Otx expression was lost in a9.49 and a9.50 pair cells, but not in other 
cells (Fig. 1I, J). Hr-Otx mRNA was ectopically expressed in A9.13, 15 pair cells in the 
embryos treated with U0126 (Fig. 1F, G, I, J).  
 
FGF signaling regulates the expression of Ci-ZicL and Ci-Otx in Ciona intestinalis 
embryos during gastrula stage 
     In Ciona intestinalis, Ci-ZicL is expressed in the sensory vesicle cell lineage 
throughout the gastrula stage. This expression pattern of Ci-ZicL overlaps the 
expression of Ci-Otx during gastrulation. Although it is unclear whether Ci-ZicL 
regulates the expression of Ci-Otx, Zic BS in the upstream region, 302-104 bp, is 
important for the enhancer activity of the region. It is possible that Ci-ZicL is the 
transcriptional regulator of Ci-Otx. 
     In order to understand the association of FGF signaling with Ci-ZicL or Ci-Otx, 
expression of Ci-ZicL and Ci-Otx mRNA was examined by WISH in Ciona embryos 
treated with U1026 from the 76-cell stage (Fig. 2). In control embryos, Ci-ZicL mRNA 
was detected in a8.19, a8.17 and a8.25 pair cells at the middle gastrula stage and in their 
descendant cells (Fig. 2A, B). Ci-ZicL mRNA was lost in these cells in MEK inhibitor 
treated embryos (Fig. 2 C, D), consistent with the previous study (Wagner and Levine, 
2012). The expression of Ci-Otx mRNA in the sensory vesicle lineage cells was reduced 
in embryos treated with MEK inhibitor (Fig. 2G, H). It was shown that FGF signaling 
promotes the expression of Ci-ZicL and Ci-Otx in the sensory vesicle cell lineage during 
gastrula stages.  
  
56 
 
Discussion 
 
     In this part of the study, I examined the relationship between Otx, Zic and FGF 
signaling in the sensory vesicle lineage during gastrulation in the two ascidians. In 
Ciona intestinalis, Ci-Otx mRNA and Ci-ZicL mRNA were reduced or lost in embryos 
treated with MEK inhibitor. In Halocynthia roretzi, by contrast, the expression of 
Hr-ZicN was reduced with the treatment, while that of Hr-Otx was not. Therefore, it is 
suggested that the transcription regulatory mechanism that may function through Zic 
BSs is not identical between Halocynthia and Ciona (Fig. 2I, J).  
 
A putative factor ‘‘X’’ that regulates the transcription of Otx in A9.14 and 
A9.16 pair cells in Halocynthia embryos 
I will now present a model of the transcription regulatory mechanism of Otx in 
both ascidian species. Before presenting a model, what has been known is as follows. 
Cells that express FGF mRNA and/or phosphorylated MAP kinase (pMAPK), the 
marker of active FGF signaling, have been characterized in Halocynthia embryos 
(Nishida, 2003; Kumano et al., 2006). According to this information, the cells that 
express FGF mRNA are marked with the letters ‘‘FGF’’, and the cells that receive FGF 
signaling are marked pink (Fig. 3A, D, G). It has been reported that Hr-ZicN is 
expressed in a8.19, a8.17 and a8.25 pair cells and other cells at the middle gastrula stage 
(Wada and Saiga, 2002; cells marked yellow in Fig. 3B, E, H). Hr-Otx is expressed in 
a8.19, a8.17 and a8.25 pair cells. Now, I am going to present a model. 
Because FGF signaling and Hr-ZicN activate the expression of Hr-ZicN and 
Hr-Otx, respectively (Fig. 1; also Wada and Saiga, 2002), the pathway of FGF signaling 
– Hr-ZicN – Hr-Otx is suggested to be active in a8.19, a8.17 and a8.25 pair cells before 
the late gastrula stage (Fig. 3A). After cell division of these cells, FGF signaling are 
expected to be received in pink cells in Fig. 3D (a9.37, a9.38, a9.33, a9.34, a9.49, a9.50, 
A9.13, A9.15 and A9.29 pair cells), though it is unclear in reality which cells express 
FGF mRNA at this stage. On the other hand, Hr-ZicN is expressed in cells marked 
57 
 
yellow in Fig. 3E (a9.37, a9.38, a9.33, a9.34, a9.49 and a9.50 pair cells and other cells), 
and the expression of Hr-Otx is observed in blue-colored cells (a9.37, a9.38, a9.33, 
a9.34, a9.49 and a9.50 pair cells as well as A9.14 and A9.16 pair cells; Fig. 3E). Out of 
these Otx expressing cells, a-line cells are likely subjected to control of the FGF 
signaling – Hr-ZicN – Hr-Otx pathway. Then, why is the Otx expression active A9.14 
and A9.16 pair cells, from which the pathway is absent? The answer will come from the 
results of FGF signaling inhibition experiments. 
     When treated with MEK inhibitor, the expression of Hr-Otx was observed in blue 
cells with “X” in Fig. 3F (a9.37, a9.38, a9.33, a9.34, A9.13, A9.14, A9.15 and A9.16 
pair cells), despite the expression of Hr-ZicN is suppressed by the absence of FGF 
signaling (Fig. 1). Under the conditions, Hr-Otx was ectopically expressed in A9.13 and 
A9.15 cells (Fig. 3F right side), it can be assumed the presence of a factor “X” that is a 
gene or activity. “X” should be capable of activating Hr-Otx and suppressed by FGF 
signaling in the normal development (Fig. 2I). From the expression pattern of Hr-Otx in 
MEK inhibitor treated embryos, the expression of “X” should be limited to two medial 
cells (Fig. 3F, G right side). In untreated control embryos, by contrast, due to the FGF 
signaling, the expression of “X” should be suppressed except for A9.14 and A9.16 pair 
cells (Fig. 3G left side). This leads to the expression of Hr-Otx in A9.14 and A9.16 pair 
cells. 
In summary, there are six regions with distinct patterns of the regulatory pathway 
(Fig. 3G, I). Region 1 consisting of 4 cells surrounded by red dotted lines (Fig. 3G), in 
which FGF signaling – Hr-ZicN – Hr-Otx pathway is active (Fig. 3I①). ‘‘X’’ is not 
active due to suppression by FGF signaling in the normal development (Fig. 3I①). 
Region 2 consisting of 2 cells surrounded by dark green dotted lines. Here, ‘‘X’’ should 
be active because of the absence of FGF signaling and hence the expression of Hr-Otx 
is driven by ‘‘X’’ (Fig. 3I②). Hr-ZicN is not active because of the absence of FGF 
signaling, but ‘‘X’’ is sufficient to drive Otx expression. In region 3, FGF signaling 
activates Hr-ZicN expression and suppresses “X” expression (Fig. 3G, I③). Hr-Otx 
expression is supported by Hr-ZicN. In regions 4 or 5 marked by orange or light green 
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dotted lines, FGF signaling is active (Nishida, 2003). Neither of the regions expresses 
Hr-Otx. In region 4, this is likely to be due to suppression of “X” by FGF signaling and 
lack of Hr-ZicN expression (Fig. 3G, I④). In region 5, neither “X” or Hr-ZicN is 
expressed, leading to the loss of Hr-Otx expression. The reason for the lack of Hr-ZicN 
expression in regions 4 and 5 is not known at present, but may be due to the fact that 
these regions are in the vegetal hemisphere and subject to regulatory mechanisms totally 
different from that in the animal hemisphere. In region 6 marked by purple dotted lines, 
FGF signaling – Hr-ZicN pathway is active, but Hr-Otx is not expressed, also likely due 
to an unknown mechanism. 
Therefore, it is suggested that the expression of Hr-Otx is activated by FGF 
signaling – Hr-ZicN pathway in a9.37, a9.38, a9.33, a9.34, a9.49 and a9.50 pair cells 
(yellow cells in Fig. 3H, cells marked by red dotted liens in Fig. 3G, I①) and by “X” in 
A9.14 and A9.16 pair cells (cells marked by ‘‘X’’ in Fig. 3H, cells surrounded by dark 
green dotted lines in Fig. 3G, I②). It should be noted that the proposition of “X” is 
merely for the sake of simple understanding until the presence of “X” or the identity of 
“X” is proved. The true nature of this pathway is that FGF signaling suppresses Hr-Otx 
expression. This could be direct or indirect. 
 
FGF signaling – Ci-ZicL – Ci-Otx pathway regulates the Ci-Otx transcription 
during gastrula stages in Ciona intestinalis 
     In Ciona intestinalis, like Halocynthia, FGF gene, FGF9/16/20, is expressed in 
A8.7, A8.8, A8.15 and A8.16 pair cells (Imai et al., 2006; Fig. 3A). Also like in 
Halocynthia roretzi, pMAPK, marker of active FGF signaling, is detected in the a8.19, 
a8.17 and a8.25 pair cells and their descendant cells during gastrulation (Hudson et al., 
2007; Fig. 3A, D). My present study showed both Ci-Otx and Ci-ZicL transcripts are 
lost in embryos when FGF signaling is blocked (Fig. 2). Therefore, the pathway of FGF 
signaling – Ci-ZicL – Ci-Otx is likely active in Ciona intestinalis gastrula embryos 
unlike Halocynthia roretzi counterparts. After division of eighth generation the sensory 
vesicle lineage cells, Ci-ZicL is expressed in a9.37, a9.38, a9.33, a9.34, a9.49, a9.50 
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pair cells and in other cells (yellow cells in Fig. 3J; Mita and Fujiwara, 2007). The 
expression domain of Ci-Otx in the sensory vesicle lineage is included by that of 
Ci-ZicL (Fig. 3J). Unlike Halocynthia roretzi, A9.14 and A9.16 pair cells in Ciona 
intestinalis do not express either of Ci-Otx or Ci-ZicL (Fig. 3J). Thereby, it is suggested 
that FGF signaling – Ci-ZicL – Ci-Otx pathway regulates the transcription of Ci-Otx in 
Ciona intestinalis (cells surrounded by red dotted lines in Fig. 3J, K①). Nevertheless, 
this cannot fully explain the expression pattern of Ci-Otx (cells surrounded by purple 
dotted lines in Fig. 3K③). It is possible that there may be a suppressor that overwhelms 
the activation of Ci-Otx by Ci-ZicL, but I would like to present another possibility that 
Ci-ZicL activates Ci-Otx in combination with Sox and Fox transcription factors. This is 
because in Chapter I, the reporter analysis revealed that all of Zic, Sox and Fox BSs 
were essential for the reporter expression in Ciona intestinalis (Fig.12 in Chapter I). 
Although the activation mechanism cannot be guessed, this possibility may be worth 
testing in the future.  
In region 2 marked by light green dotted lines (Fig. 3J), though FGF signaling is 
active (Hudson et al., 2007), Ci-ZicL is not expressed (Fig. 3K②). Hence, Ci-Otx is not 
expressed. 
 
The association between the expression pattern and the transcription regulatory 
mechanisms of Otx 
     The expression pattern of Otx is distinct at the late gastrula stage between 
Halocynthia roretzi and Ciona intestinalis. Although Otx mRNA is commonly observed 
in twelve cells (a9.37, a9.38, a9.33, a9.34, a9.49 and a9.50 pair cells), A9.14 and A9.16 
pair cells express Otx in Halocynthia roretzi but not Ciona intestinalis (blue cells in Fig. 
3H, J). In the previous section, I proposed that FGF signaling – Zic – Otx expression 
pathway commonly regulates the transcription of Otx in a9.37, a9.38, a9.33, a9.34, 
a9.49 and a9.50 pair cells. In A9.14 and A9.16 pair cells, by contrast, such a factor as 
‘‘X’’ distinct from the above pathway regulates Hr-Otx transcription in Halocynthia 
roretzi. Thus, ‘‘X’’ contributes to the expression of Hr-Otx in A9.14 and A9.16 cells of 
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Halocynthia. Thus, it is inferred that the homologous cells between the two ascidians 
that exhibit the expression of Otx at a given developmental stage share the same 
transcription regulatory mechanism of Otx. In the homologous cells with distinct 
expression patterns of Otx, the mechanisms to drive the expression patterns are also 
distinct between them as expected. What had been unexpected was that a novel 
expression regulatory mechanism, involving factor “X”, is likely underlying in the 
normal development of Halocynthia roretzi and create the distinction from Ciona 
intestinalis in the expression pattern and the response of Otx to inhibition of FGF 
signaling. 
     It is unclear what role the distinct expression pattern plays in the development. To 
understand the role and its biological significance, it is necessary to identify the other 
factor ‘‘X’’ and examine the function in the development of Halocynthia roretzi. 
 
In this study, I noticed that one cannot simply compare the transcription 
regulatory mechanisms until the upstream transcription factors and signals for a target 
gene become clear. For example, although Sox, Fox and Zic binding sites (BSs) are 
commonly responsible for the enhancer activity during gastrula stages in both ascidians, 
it was suggested that the transcription regulatory mechanisms are different between the 
two ascidians at least in that Zic transcription factors are involved. By identifying the 
transcription factors that bind to the transcription factor binding sites (BSs), Sox and 
Fox BSs in future study, I think that it will become feasible the further comparison of 
the transcription regulatory mechanisms of Otx between the two ascidians. 
This chapter suggested the distinct expression pattern of Otx in A9.14 and A9.16 
pair cells with the distinction of the transcription regulatory mechanisms of Otx between 
the two ascidians. Therefore, it is necessary to examine and compare the mechanisms at 
the single-cell level resolution. Until gastrula stage, we can do that because the cell 
number, distribution and cells expressing Otx are clear at the cellular level. From 
neurulation onward, however, such information has not been accumulated yet in both 
ascidian species. In order to investigate and compare the transcription regulatory 
61 
 
mechanisms at the cellular level, I tried to address this issue in next chapter (Chapter 
III). 
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Fig. 1  Effect of the inhibition of FGF signaling on the expression of Hr-ZicN and 
Hr-Otx during gastrula stages in Halocynthia roretzi.  
(A-F, H, I) Expression of Hr-ZicN and Hr-Otx detected by WISH in the H. roretzi 
embryos treated with DMSO (A, B, E, F) and MEK inhibitor, U0126, (C, D, H, I) from 
the 76-cell stage onward. (G, J) Schematic diagram showing the cells expressing Hr-Otx 
in the embryos treated with DMSO (G) and U0126 (J). Cells expressing Hr-Otx in the 
sensory vesicle lineage are marked blue. Yellow dotted lines indicate border between 
a-line (anterior animal) cells (located central upper), A-line (anterior vegetal) cells 
(located central middle) and other line cells (b-line cells; located lateral lower). Dorsal 
views of middle- (A, C) and late- (B, D, F, G, I, J) gastrula stages are shown with 
anterior to the top. (E, H) Anterior view of middle gastrula stage embryos with the 
animal pole to the top. (A, C, E, H) Numbers indicate nomenclature of the cells of the 
sensory vesicle lineage of the 8th generation cells in the anterior animal hemisphere. (B, 
D, F, I) Open arrowheads indicate the sensory vesicle lineage cells. Closed arrowheads 
indicate the ectopic expression of Hr-Otx. (G, J) Numbers indicate nomenclature of the 
cells of the sensory vesicle lineage of the 9th generation cells derived from the anterior 
animal- (a9.) or vegetal (A9.) hemisphere. 
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Fig. 2  Inhibition of FGF signaling caused the loss of the expression of Ci-ZicL and 
Ci-Otx during gastrula stages in Ciona intestinalis. 
(A-H) Expression of Ci-ZicL and Ci-Otx detected by WISH in the C. intestinalis 
embryos treated with DMSO (A, B, E, F) and U0126 (C, D, G, H) from the 76-cell 
stage onward. (A, C, E, G) Lateral views of the middle gastrula stage embryos with 
anterior to the top. (B, D, F, H) Dorsal views of the late gastrula stage embryos with 
anterior to the top. Open arrowheads indicate the sensory vesicle lineage cells. (I, J) 
Model pathway that regulates the transcription of Otx in the embryos of Halocynthia 
roretzi (I) and Ciona intestinalis (J). 
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Fig. 3  Schemes of the neural plate cells of the embryos during gastrula stages in 
Halocynthia roretzi and Ciona intestinalis, showing relationships between the 
expression of FGF, Zic, Otx, putative factor ‘‘X’’ and FGF signaling.  
(A, B) Three layers of the neural plate cells at early- to middle- gastrula stage in the two 
ascidians. (C) Schematic representation of the late gastrula embryo. Area marked by red 
rectangle corresponds to that shown in all of the following panels. (D-H, J) Schematic 
representation of the neural plate cells at the late gastrula stage in Halocynthia roretzi 
(D-H) and Ciona intestinalis (J). (I, K) Models for the regulatory pathway of gene 
expression in neural plate cells in Halocynthia roretzi (I) and Ciona intestinalis (K). (A, 
B, D, E, H) Blue cells indicate Otx expressing cells. (A, D) Pink cells and the cells 
marked by FGF in red letter indicate cells receiving FGF signaling and producing FGF, 
respectively. Numbers in the left half indicate names of the cells. Yellow dotted lines 
indicate border between a-line cells (central upper), A-line cells (central lower) and 
other cells (b-line cells; lateral). (B, E, H) Yellow cells indicate Hr-ZicN expressing 
cells. This and above color codes and the nomenclature of the cells are applicable to 
other panels. (F) Expression pattern of Hr-Otx in the normal development (left half) or 
in the embryo treated with FGF signaling inhibitor (right half). Cells marked by ‘‘X’’ in 
the right half indicate the cells with expressing (active) factor X upon the inhibition of 
FGF signaling. The expression pattern of factor “X” is deduced from the expression 
pattern of Hr-Otx shown in the right half of (F). (G) The relationship between the 
expression of Hr-ZicN, “X” and FGF signaling in normal development (left half) and in 
the embryo treated with FGF signaling inhibitor (right half). (left half) ‘‘X’’ in gray 
indicates that the expression of ‘‘X’’ is repressed by FGF signaling, and the resulting 
expression patterns of “X” and Hr-ZicN as shown. (H) Expression of Hr-ZicN and 
putative “X” (right half) at the late gastrula embryo in the normal development of 
Halocynthia roretzi. (J) Expression patterns of Ci-Otx (left half) and Ci-ZicL (right half) 
at the late gastrula embryo in the normal development of Ciona intestinalis. Numbers in 
circle in (G) and (J) indicate the set of cells regulated by distinct regulatory pathways. 
These numbers correspond to those in (I) and (K).  
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Chapter III 
Analysis of the transcriptional and mRNA pattern of Hr-Otx in the cells of sensory 
vesicle lineage after gastrula stages 
 
Introduction 
 
     As discussed in the previous chapters, it is necessary to analyze the transcription 
regulatory mechanisms of Otx at the cellular level to compare the transcription 
regulatory mechanisms between two species. To do so, it is required to understand when 
and where Otx is transcribed at the single cell resolution. 
First, we need to determine the expression at higher spatial resolution. The 
expression pattern of Otx at the detailed cellular level is apparent from cleavage stages 
to gastrula stages in Halocynthia roretzi and Ciona intestinalis (Wada et al., 1996; 
Hudson and Lemaire, 2001). After gastrulation, by contrast, it is unclear which of the 
sensory vesicle lineage cells transcribe Otx. When neurulation starts, the sensory vesicle 
lineage cells divide and migrate dynamically. The neural tube forms from the neural 
plate, and neural tissue structure becomes much complex, changing from the two 
dimensional to three dimensional structure. Therefore, it is much difficult to see by 
WISH the number and position of cells expressing Otx during neurulation through the 
standard NBT/BCIP staining method: the signals are blurred and conventional 
microscopy does not tell us which cell expresses Otx when the cells are clumped in a 
small three dimensional region. Therefore, detection of signals through the use of 
fluorescent dyes and confocal microscopy is necessary. 
Second, we need to determine the expression at higher temporal resolution: when 
the Otx gene is transcribed. Researchers generally tend to think that the cells transcribe 
a certain gene when its mRNA is detected within a cell. Then, they proceed to the 
analysis of the transcription regulatory mechanisms. However, it is possible that the 
gene is not transcribed even if mRNA of the gene is detected in the cell. The detected 
mRNA may be due to carry-over from previous stages. In such case, examination of the 
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transcription regulatory mechanism will be misleading. Therefore, we should 
understand when and in which cells the gene is transcribed before analysis of the 
transcription regulatory mechanisms. Generally, intron RNA (RNA derived from an 
intronic sequence of a gene) is thought to be broken down quickly upon or after the 
transcription. Therefore, I assumed, if the intron RNA of Otx is detected in a cell, it is 
highly likely Otx is transcribed in the cell; intron RNA will be detected in the nucleus of 
the cell in which Otx is transcribed at a relatively higher level. 
     In this chapter, I addressed when and which cells express and transcribe Otx in the 
sensory vesicle cell lineage at the level of single-cell resolution during neurulation in 
Halocynthia roretzi, using the first intron RNA sequence of Hr-Otx as the probe and 
laser confocal microscopy. 
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Materials and Methods 
 
Ascidians 
Adults of Halocynthia roretzi were purchased from fishermen near the Asamushi 
Marine Biological Station, Tohoku University, Aomori, and the International Coastal 
Research Center of the Ocean Research Institute, University of Tokyo, Iwate, Japan. 
Naturally spawned eggs of H. roretzi were fertilized with a suspension of sperm from 
other individuals. After insemination, embryos were raised in filtered seawater at 12°C. 
 
Whole-mount in situ hybridization for two ascidians 
The embryos were fixed in 4% formaldehyde solution (including 0.5M NaCl and 
0.1M MOPS) for whole-mount in situ hybridization (WISH). WISH was carried out 
using digoxigenin-labeled RNA probe according to the method described by Takatori et 
al. (2010) for Halocynthia embryos. Antisense probe was synthesized using T3 or T7 
RNA polymerase from plasmid DNA linearized with XbaI for Hr-Otx mRNA or SalI for 
Hr-Otx first intron RNA, respectively, as template. 
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Results 
 
Hr-Otx intron RNA was detected from the neurula stages to the early tailbud stage 
     First, I investigated the expression pattern of intron RNA and mRNA of Hr-Otx 
during gastrulation that starts from the 110-cell stage. I collected embryos every 15 
minutes from the 110-cell stage until the late gastrula stage, and detected the first intron 
RNA as well as mRNA by WISH (Fig. 1, 2). Until after 60 minutes from the beginning 
of 110-cell stage, the sensory vesicle lineage is composed of five cell pairs, a8.19, a8.17, 
a8.25, A8.7 and A8.8 pair cells (Fig. 1M, N). During this period, intron RNA signals 
were observed as two spots in the nucleus of a8.19 and a8.17 but not a8.25, A8.7 and 
A8.8 pair cells (Fig. 1A-H). After 75 minutes from the beginning of 110-cell stage, 
a8.25 cells began to express the intron RNA, and A8.7 and A8.8 cells divided and 
produced A9.13, A9.14, A9.15 and A9.16 pair cells (Fig. 1I-L). Then (after 75-90 
minutes the beginning of 110-cell stage), a-line cells of the sensory vesicle lineage also 
divided. In 30 minutes after the a-line cell division, intron RNA was detected in the 
nucleus of most daughter cells, a9.37, a9.38, a9.33, a9.34 and a9.49 (Fig. 2A-D). Signal 
level of intron RNA was higher in a9.37, a9.34, a9.49, than in a9.38 and a9.37. When 
a8-line cells divided to a9-line cells, intron RNA expression began to be detected in 
A9.14 and A9.16 pair cells (Fig. 2A-D). Up to these stages that I examined, the 
expression of intron RNA overlapped with that of mRNA except for a9.50 pair cells. In 
a9.50 pair cells, mRNA was observed, while intron RNA was not detected (Fig. 2A-D).  
Thus, I did detect the signals of intron RNA as well as mRNA at the single-cell 
resolution by WISH in combination with the laser confocal microscopy. The pattern of 
intron RNA signals overlapped with that of mRNA in cells of the sensory vesicle 
lineage, a8.19, a8.17 (Fig. 1A-L), and in the anterior epidermis lineage (arrowheads in 
Fig. 1A-H) and the endodermal lineage cells (data not shown). Furthermore, signals of 
intron RNA were not detected during the M-phase of cell division (the cells marked by 
arrowheads in Fig. 1I-L). This is consistent with the notion that transcription does not 
generally occurs during cell division. Therefore, it was suggested that the detection of 
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intron RNA signals is a valid method to investigate the transcription at the single cell 
resolution. These findings lead me to examine the transcriptional pattern of Hr-Otx at 
neurula stages to the early tailbud stage by detection of intron RNA in WISH. 
     In order to characterize the expression pattern of Otx mRNA during neurula 
stages, I performed intron WISH on embryos at neurula stages. Embryos were collected 
every 30 minutes from the stage of blastopore closure to that of the construction 
formation at the junction of the trunk and tail of the embryo. During neurulation, signals 
of intron RNA and mRNA became weaker than during gastrulation (Fig. 2, 3). After 60 
minutes from the blastopore closure, mRNA was observed in the a10.-line cells as well 
as A10.27, A10.28, A10.31 and A10.32 pair cells (Fig. 3F, H). By contrast, intron RNA 
was detected only in a10.67, a10.75, A10.27, A10.28 and A10.32 pair cells (Fig. 3E, G). 
Moreover, the a10-line cells exhibited intron RNA signal after 120 minutes from the 
blastopore closure (Fig. 4A, C). Out of the a10.-line cells, a10.75 cells exhibited the 
strongest signal of intron RNA. After this period, both intron RNA and mRNA were 
detected in a10.73, a10.74, a10.75, a10.65, a10.66, a10.97, a10.98, A 10.27, A 10.28 and 
A 10.32 pair cells until the next cell division. After 210 minutes from the blastopore 
closure, when the a10.-line and A10.-line cells have divided, intron RNA became 
detectable in a11.131, a11.132, A11.55, A11.56, A11.63 and A11.64 pair cells but not in 
other a-line daughter cells (Fig. 4E, G). By contrast, expression of mRNA was detected 
in these cells and the a10.65, a10.68, a10.98, a11.149, a11.150, a11.193, a11.194, 
A11.53 and A11.54 pair cells (Fig. 4F, H). In a11.145-148 pair cells, intron RNA signal 
was lost. In these cells, signal of mRNA was very weak. The a11.133 pair cells did not 
exhibit the signals of either RNA: the signal of mRNA visible in a11.133 cell in Fig. 3F 
is that of a11.132 cells, as a11.132 cells and a11.133 cells overlap along the Z-axis of 
observation at this stage. 
After 270 minutes, when the trunk and tail of embryos became discernible, the 
structure of neural tissue became three dimensional. The detection of intron RNA in this 
period was higher than during neurulation (Fig. 4, 5). Both intron RNA and mRNA were 
detected in the a11.129-132, a11.193-196, a10.100, A11.53-56, A11.63 and A11.64 pair 
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cells. By contrast, a11.149 and a11.150 cells only showed mRNA signals (Fig. 5E-H). 
In the cells that comprise the ventral sensory vesicle, a11.145-148 pair cells, and 
a11.133 and a11.134 pair cells, both intron RNA and mRNA were not detected (Fig. 5). 
Although a11.133 pair cells appear to express mRNA in Fig. 5D and H, this is due to 
mRNA signal of a11.132 cells. 
 
Previous report on the cell lineage of the sensory vesicle from the neurula to early 
tailbud stages was incomplete 
Through these investigations, I constructed the cell lineage chart of sensory 
vesicle from the neurula to early tailbud stages (Fig. 6). I described cell divisions based 
on the observations of nuclei, but not of the cell itself.  
In previous cell lineage studies on Halocynthia roretzi, it has been thought that 
a9.37, a9.38, a9.33, a9.34, a9.49, a9.50, A9.14 and A9.16 pair cells divide at the early 
neurula stage as in Ciona intestinalis (Nicol and Meinertzhagen, 1988a and b; Nishida 
and Satoh, 1989; Yagi and Makabe, 2001; Cole and Meinertzhagen, 2004). It was 
thought that the descendants of these cells do not divide until the early tailbud stage. By 
contrast, I found that the descendant cells of above cells, a10.73-76, a10.65-68, a10.97, 
a10.98, A10.27, A10.28 and A10.32 pair cells, divide once before the tailbud stage (red 
lines in Fig. 6). The a10.76, a10.99 and a10.100 pair cells did not divide at least until 
the early tailbud stage. In Ciona intestinalis, a10.97, a10.98, A10.27 and A10.28 pair 
cells do not divide (Cole and Meinertzhagen, 2004). Thus, the pattern of cell division in 
the sensory vesicle lineage after the neurula stage is not identical between Halocynthia 
roretzi and Ciona intestinalis. 
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Discussion 
 
     In this chapter, I examined the expression pattern of intron and mRNA of Hr-Otx 
from the gastrula stage to the early tailbud stage (270 min after the blastopore closure), 
using fluorescent whole-mount in situ hybridization (WISH) method. The method 
allowed me to unambiguously determine the number and position of cells that transcribe 
Hr-Otx. Differences in the patterns between intron RNA and mRNA suggest that 
mRNA-positive cells do not always transcribe Hr-Otx. This will change which cells are 
the targets in future examination of Hr-Otx transcriptional regulatory mechanism. 
Moreover, I observed that cells divide more often than expected from previous studies. 
This suggests that contrary to previous notions, the number and position of the sensory 
vesicle cells are distinct between two ascidians, Halocynthia roretzi and Ciona 
intestinalis. 
 
Whole-mount in situ hybridization method utilizing intron sequences as probes 
may be a better way to detect transcription within the sensory vesicle 
     In present study, intron RNA of Hr-Otx was detected in the cells of sensory 
vesicle lineage. To my knowledge, this study is the first example that intron RNA was 
detected in Halocynthia roretzi at the cellular level.  
The first intron RNA and mRNA of Hr-Otx were detected from the gastrula to 
early tailbud stages under the same hybridization and detection conditions (Fig. 1-5). 
Microscopy settings were carefully set to detect signals under the same conditions, 
without making the signals level saturated. Several cells, for example, a9.50, a11.149 
and a11.150 pair cells, showed mRNA but not intron RNA signals (Fig. 2-5). I 
hypothesize that these cells do not transcribe Otx, but carry mRNA produced by their 
mother cells. With previous or ordinary methods, in which mRNA sequences are used as 
probes and detected by NBT/BCIP coloring, these cells would have been described as 
cells that express Otx. In many studies including my own, studies have been designed 
on the assumption that these cells transcribe the gene in question. I would like to 
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propose that, in future studies, we distinguish cells that transcribe mRNA from those 
that possess (or carry) them. I also propose that we should focus our studies of 
transcriptional regulation of a gene onto the cells expressing its intron RNA. Generally 
speaking, intron RNA is thought to be far more short-lived and unstable than mRNAs. 
Therefore, detection of introns can be a better way to examine transcription, as have 
been assumed in some previous studies (Horikawa et al., 2006; Niwa et al., 2007). 
Problems that we must solve are that detection by intron probes may be less sensitive. 
This may be simply tested by trying to detect the onset of Otx expression using mRNA 
and intron RNA probes and comparing the sensitivity between the two methods. I also 
observed that the intensity of signals of intron RNA was increased when the first and the 
fifth intron sequences of Hr-Otx were simultaneously used as the probe (data not 
shown). This may also be a solution to the sensitivity problem. Another problem is that 
introns may also be long-lived. These are no remedy for this problem at this moment, 
but I feel that every probe is subjected to the problems as discussed above, and therefore, 
using intron RNA probes is still better than using mRNA probes.  
Another point of interest is that intron RNA was observed as two signal spots in 
the nucleus (Fig. 1-5). The two spots may indicate the loci of Hr-Otx. The two spots 
were detected in all embryos unless the cell nuclei were on division (Fig. 1-5). 
 
How should the course of this study be adjusted?  
In the previous sections of this thesis, I examined whether reporter genes are 
expressed in the sensory vesicle lineage cells and judge if the genomic region or 
sequence is involved in the transcriptional regulation of Otx. The detection of the probe 
was done by NBT/BCIP staining method, which has low spatial resolution. This scheme 
is, I believe, still valid for studying the mechanisms in the stages up to the late-gastrula 
stage, when the signal-positive cells are still large enough to be identified even by the 
method. However, for later stages, reporter expression should be examined by 
fluorescent in situ hybridization. If possible, intron sequences should be introduced into 
the reporter gene construct and detected instead of the reporter gene mRNA to give 
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higher temporal sensitivity. This new strategy, I believe, is valid for almost all previous 
studies of transcriptional regulatory mechanism and should be incorporated if we are to 
aim at the understanding of mechanism at the cellular level.  
 
Comparison of the transcription regulatory mechanisms may be restricted to only 
a fraction of the sensory vesicle cells 
The results of chapter III indicated that the number of cells of the sensory vesicle 
lineage from neurula stage to early tailbud stage in Halocynthia roretzi. I propose a new 
cell lineage chart of sensory vesicle from the gastrula stages to the early tailbud stage in 
Halocynthia roretzi (Fig. 6). This new chart is based on the division of the nucleus but 
not cell membrane. I do not rule out the possibility that some may produce a syncytium. 
Therefore, it is required to confirm the division of cell membrane in future studies. 
The number and position of the cells has been reported in Ciona intestinalis after 
gastrula stages (Nicol and Meinertzhagen, 1988b; Cole and Meinertzhagen, 2004) and it 
has been assumed that the cell lineages of the sensory vesicle of the two species are 
similar. Because I found that Halocynthia sensory vesicle cells, such as a10.97, A10.27 
and A10.28, divide once more than previously reported, the assumption may be wrong. 
Personal communications from colleagues studying the sensory vesicle of Ciona 
suggest that the previous reports on the cell lineage of Ciona sensory vesicle may also 
be wrong. Detailed re-examination of the cell lineage in both species is necessary before 
I proceed with the examination and comparison of transcriptional regulatory 
mechanisms in the two species: comparison of transcription regulatory mechanisms in 
non-homologous cells will lead to misinterpretation of its evolution. Only a fraction of 
the sensory vesicle lineage cells, much fewer than previously anticipated, may be used 
for the analysis and comparison of the transcription regulatory mechanisms. 
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Fig. 1  Expression patterns of intron RNA and mRNA of Hr-Otx from the 110-cell 
stage onward.  
Hr-Otx intron RNA (A, C, E, G, I, K) and mRNA (B, D, F, H, J, L) were detected by 
whole-mount in situ hybridization from the 110-cell stage onward and shown in 
magenta. Nuclei were counterstained using SYTOX dye and shown green. Timing of 
fixation is shown above the panel, which is the time after the beginning of the 110-cell 
stage. Sensory vesicle lineage cells are outlined by white dots (See M and N for lineage). 
White thick dotted lines indicate border between A-line cells and a-line cells (i.e. the 
vegetal and animal hemisphere). Names of the cells are indicated by white letters and 
numbers. White arrowheads indicate the precursor of epidermal cells that express 
Hr-Otx. Anterior is to the top. Dorsal views are shown. (M, N) Schematic diagram 
showing the cell lineage of the cells shown in panels A-L. Anterior view. Animal pole 
to the top. Yellow dotted lines indicate border between A-line cells and a-line cells. (M) 
Early gastrula stage. (N) Middle gastrula stage. Cells that contain the sensory vesicle 
lineage are marked light green. Cells restricted to the sensory vesicle lineage are marked 
dark green. 
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Fig. 2  Expression patterns of intron RNA and mRNA of Hr-Otx during gastrulation. 
Hr-Otx intron RNA (A, C, E, G) and mRNA (B, D, F, H) were detected by whole-mount 
in situ hybridization during gastrulation (120 and 150 minutes after the beginning of the 
110-cell stage) and shown in magenta. Nuclei were counterstained using SYTOX dye 
and shown green. Timing of fixation is shown above the panel as in Fig. 1. Sensory 
vesicle lineage cells are outlined by white dots. White thick dotted lines indicate the 
border between the A- and a-line cells (i.e. the vegetal and animal hemisphere). 
Numbers in red indicate the a9.-line cells detected with mRNA but not intron RNA. 
Anterior is to the top. Dorsal views are shown. 
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Fig. 3  Expression pattern of intron RNA and mRNA of Hr-Otx during early 
neurulation.  
Hr-Otx intron RNA (A, C, E, G) and mRNA (B, D, F, H) were detected by whole-mount 
in situ hybridization during early neurulation and shown in magenta. Nuclei were 
counterstained using SYTOX dye and shown green. Timing of fixation is shown above 
the panel, which is the time after the blastopore closure. Sensory vesicle lineage cells 
are outlined by white dots. White thick dotted lines indicate the border between the A- 
and a-line cells (i.e. the vegetal and animal hemisphere). Numbers in red indicate the 
a9.- or a10.- line cells detected with mRNA but not intron RNA. Anterior is to the top. 
Dorsal views are shown. 
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Fig. 4  The expression patterns of intron RNA and mRNA of Hr-Otx during middle- to 
-late neurulation.  
Hr-Otx intron RNA (A, C, E, G) and mRNA (B, D, F, H) were detected by whole-mount 
in situ hybridization during middle- to -late neurulation and shown in magenta. Nuclei 
were counterstained using SYTOX dye and shown green. Timing of fixation is shown 
above the panel as in Fig. 3. Sensory vesicle lineage cells are outlined by white dots. 
White thick dotted lines indicate the border between the A- and a-line cells (i.e. the 
vegetal and animal hemisphere). Numbers in red indicate the a10.- and a.11-line cells 
detected with mRNA but not intron RNA. Anterior is to the top. Dorsal views are shown. 
(F, H) Asterisks indicate a11.133 cells, which do not express Otx mRNA. The signals 
appear to be visible in the cells are of a11.132 cells located ventrally to the a11.133 
cells. 
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Fig. 5  The expression pattern of intron RNA and mRNA of Hr-Otx at the completed 
neurulation (the beginning of early tailbud stage).  
Hr-Otx intron RNA (A, C, E, G) and mRNA (B, D, F, H) were detected by whole-mount 
in situ hybridization during the gastrula stage and shown in magenta. Nuclei were 
counterstained by SYTOX dye and shown green. Timing of fixation is shown above the 
panel as in Fig. 3. Sensory vesicle lineage cells are outlined by white dots. White thick 
dotted lines indicate the border between the A- and a-line cells (i.e. the vegetal and 
animal hemisphere). Numbers in red indicate the a.11-line cells detected with mRNA 
but not intron RNA. Anterior is to the top. Dorsal views at the relatively shallower level 
(A-D) and deeper level (E-H) are shown. (F, H) Asterisks indicate a11.133 cells, which 
do not express Otx mRNA. The signals appear to be visible in the cells are of a11.132 
cells located ventrally to the a11.133 cells. 
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Fig. 6  Cell lineage of the sensory vesicle cell during neurulation.  
The cell lineage is deduced based on the observations as shown in Fig. 3-5. Embryos for 
the observations were collected and examined at 30 minutes intervals from the 
beginning of blastopore closure. Red lines and names in red indicate previously 
unknown cell division and cells of the sensory vesicle in the development of 
Halocynthia roretzi. The cell lineage of A10.31 cell was not examined because this cell 
does not give rise to the sensory vesicle cells. 
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Concluding Remarks 
 
     In this thesis, I investigated the transcription regulatory mechanisms of Otx in two 
ascidians, Halocynthia roretzi and Ciona intestinalis with the aim to understand more 
precisely what aspect of Otx transcription regulatory mechanism is conserved between 
phylogenetically distant animals. In chapter I, I identified the genomic regulatory 
regions that regulate Otx expression in the cells of sensory vesicle lineage from gastrula 
stages to the tailbud stage. I also identified transcription factor binding sites (BSs) in the 
regions. These results revealed similarity in the list of transcription factor BSs, but in 
order to compare the transcriptional regulatory mechanisms, I had to understand the 
transcription factors and signals that regulate Otx expression through these BSs. In 
chapter II, I investigated the mechanism of Otx regulation via Zic. The results suggested 
the presence of a factor, “X”, that promotes the Otx expression but is repressed by FGF 
signaling. This factor does not seem to regulate Otx expression in Ciona. It is likely that 
the factor contributes to the distinct expression pattern in A9.14 and A9.16 pair cells in 
Halocynthia. I was prompted to re-examine in detail the expression pattern of Otx, 
because I found that the distinct mechanism was in place when the expression patterns 
differ by only two pair of cells. This was why in chapter III, I examined the 
transcription pattern of Otx at the single cell resolution from the gastrula to early tailbud 
stages. The results indicate that the actual pattern of transcription differs from what has 
been reported by detecting mRNA. In these concluding remarks, I would like to discuss 
the perspectives of the present findings. 
  
Comparison of the transcription regulatory mechanism between Halocynthia and 
Ciona using the results of the present study 
In this study, I found similar transcription factor BSs between Halocynthia roretzi 
and Ciona intestinalis (Chapter I). However, this is not conclusive because, as shown in 
chapter II, the same BS does not necessarily mean the same regulatory mechanism. 
Furthermore, mechanisms that function through the Sox, Fox and homeodomain 
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transcription factors BSs are not yet clear. 
The first question was whether the mechanisms are the same when the expression 
patterns are the same. The answer appears to be yes. At the late gastrula stage, when the 
expression patterns of Otx are not the same between the two ascidians (Chapter I Fig. 
1K), it was revealed that Otx expression is regulated by Zic in the cells that express Otx 
commonly in both ascidians. Thus, at present, there is no evidence to answer otherwise. 
However, investigation of the mechanisms involving Sox or Fox might prove otherwise. 
In order to examine if the current answer to the initial question is true or false in later 
developmental stages, the current understanding of the expression pattern of Otx is 
insufficient. I examined the expression pattern in detail in Halocynthia, but the same 
analysis must be repeated in Ciona as well. Once the patterns are revealed, I will be able 
to resume the analysis and comparison of the transcription regulatory mechanisms. 
Another issue is that the enhancer region that regulates Otx expression at the tailbud 
stage in Ciona is not yet clear. This also needs to be resolved in order to complete the 
comparison. Even then, the results of chapter III may hinder the comparison: if the cell 
lineage is different between Halocynthia roretzi and Ciona intestinalis, comparison of 
the transcription regulatory mechanisms is out of the question.   
 
Further examination of the Otx transcriptional regulatory mechanism based on the 
results of chapter III 
I examined the transcription pattern of Hr-Otx in Halocynthia roretzi at the single 
cell resolution from the gastrula to early tailbud stages (Chapter III). Different 
mechanisms are likely operating between a9.37, a9.33, a9.49 cells and a9.38, a9.34, 
a9.50 cells at the late gastrula stage, because intron RNA signals of distinct levels were 
detected between these cells (Chapter III Fig. 2A, C). Therefore, it is necessary to 
analyze the transcription regulatory mechanism at the cellular level for further 
quantitative understanding of the regulation of Otx. Characterization of the cells that 
express reporter gene should be done by fluorescent whole-mount in situ hybridization 
(FWISH). Examination of the transcription regulatory mechanisms should be done for 
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each cell, not the sensory vesicle cell lineage as a whole.  
     The study in chapter III revealed the presence of cells that show the signals of 
mRNA but not intron RNA, which is likely due to be due to the carrying-over of mRNA. 
Therefore, the cells that actually transcribe Otx are not necessarily the same as what we 
assumed from previous analysis. The results of the present study suggest that we should 
examine and clarify the transcription pattern of a target gene at the cellular level 
resolution before starting the study of transcription regulatory mechanism of the gene. 
Moreover, intron sequences should be incorporated, if possible, into reporter genes and 
detected. In case of the analysis of transcription regulatory mechanism of Halocynthia 
Otx, for example, it should be better to produce the reporter construct, in which an 
intron region of a Halocynthia gene, that is expressed in cells other than the sensory 
vesicle lineage, is introduced into an exon-intron junction of the reporter gene. For the 
detection of the reporter expression, a probe for the RNA of the introduced intron is and 
FWISH will be used. Such a new assay method may enable us to carry out the reporter 
assay more accurately than ever and free from carrying-over of reporter mRNA. By this 
method, furthermore, it is expected to examine and compare the transcription regulatory 
mechanisms at the cellular level resolution in future study. 
 
Evolution of the Otx regulatory mechanism in chordates 
     In this thesis, I examined the transcription regulatory mechanisms of ascidian Otx 
genes. It is unclear how the mechanisms have emerged through animal evolution 
because of unequal accumulations of information on the mechanisms among animals. In 
mouse, for example, the mechanisms from head-fold to somite stages have been 
investigated but not for earlier stages, including cleavage to gastrula stages (Kurokawa 
et al., 2004a and b; Takasaki et al., 2007). Zebrafish is almost in the same situation 
(Kurokawa et al., 2006). In ascidians, by contrast, the transcription regulatory 
mechanisms have been examined at cleavage stages, gastrula stages, neurula stage and 
early tailbud stage (Bertrand et al., 2003 Oda-Ishii and Saiga, 2003; Oda-Ishii et al., 
2005; Chapter I and II). Therefore, we cannot compare the mechanisms from cleavage 
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to neurula stages between mouse, zebrafish and ascidians. To fully discuss conservation 
of the transcription regulatory mechanisms, it is required to examine the mechanism 
from cleavage to gastrula stages in vertebrates and during tailbud stages in ascidians. 
Moreover, although Sox, Fox and Zic BSs in genomic enhancer regions and FGF 
signaling – Zic – Otx pathway during gastrulation seem to be conserved between the 
two ascidians, it is unknown whether the common ascidian ancestor possessed these 
mechanisms or each of the ascidians have acquired these mechanisms independently. To 
discuss this issue, it is necessary to investigate the transcription regulatory mechanism 
of Otx in animals that belongs to the cephalochordate subphylum, such as amphioxus. 
Nevertheless, I prefer recommending that transcriptional patterns of target gene should 
be examined among species, in which the homology of the cells and regions that 
express Otx are clear. These are the conclusions of my present study aimed to examine 
the evolution of transcription regulatory mechanism in single cell resolution. 
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